Novel transition metal catalysts for the homogeneous conversion of syngas by Morton, Matthew
  
 
 
 
 
Novel Transition Metal Catalysts for 
the Homogeneous Conversion of 
Syngas 
 
by 
 
Matthew D. Morton 
 
Department of Chemistry, Imperial College London, UK 
 
A thesis submitted for a Doctor of Philosophy degree 
at Imperial College London 
 
October 2014 
  
i 
 
Statement of Copyright 
The copyright of this thesis rests with the author and is made available under a Creative 
Commons Attribution Non-Commercial No Derivatives licence. Researchers are free to 
copy, distribute or transmit the thesis on the condition that they attribute it, that they do not 
use it for commercial purposes and that they do not alter, transform or build upon it. For 
any reuse or redistribution, researchers must make clear to others the licence terms of this 
work 
 
Declaration 
The work described in this thesis is, unless otherwise stated, my own work and was carried 
out in the Department of Chemistry of Imperial College London between November 2010 
and April 2014. None of the work contained herein has, to my knowledge, been previously 
submitted for a degree at this or any other institution. 
ii 
 
Acknowledgements 
I would firstly like to thank my supervisor Dr. George Britovsek for the opportunity to 
work on this project within his group along with all of the invaluable support, advice and 
direction he has provided. 
I would also like to thank the past and present members of the Britovsek group and our 
colleagues in the Harwood lab for all of the help and advice they have contributed. In 
particular I would like to thank Dr. Atanas Tomov for his assistance and advice throughout 
my project. Thanks also go to Dr. James Nobbs for his invaluable support and instruction 
during my initial period in the lab. I am also grateful to the friends I have made inside and 
outside of the lab at Imperial during the past years for making it such an enjoyable 
experience. In particular to Maria, Tom, Steffen, Allan and Michaela.   
I would like to thank my industrial supervisors Dr. Russell Taylor and Dr. Renan Cariou 
for the interesting discussions and valuable advice during the project. Thanks also the 
sponsors of this work, BP and the EPSRC. Thanks also to Johnson Matthey for the loan of 
ruthenium trichloride and Rhodia for the donation of di-tert-butylchlorophosphine. 
Thanks also go to the many people providing invaluable support without which this work 
would not have been possible. In particular I would like to thank Pete Haycock and Dick 
Sheppard (NMR service), Dr. Andrew White and Dr. Graeme Hogarth (X-ray 
crystallography), John Barton and Dr. Lisa Haigh (mass spectrometry) and Stephen Boyer 
(elemental analysis). 
I am particularly thankful to my parents and family for their constant support over the past 
four years. Lastly, special thanks go to Anita for her companionship and for keeping me 
fed, housed, happy and (mostly) sane. 
  
iii 
 
Abstract 
Chapter 1 provides an overview of the past developments in the field of syngas conversion. 
Previously developed heterogeneous and homogeneous catalytic systems for syngas 
conversion are discussed along with the different mechanisms proposed for these 
processes. The use of main group and metal hydrides in CO reduction is covered, along 
with hydrogen activation chemistry and their application for syngas conversion. Step-wise 
systems for indirect syngas conversion are also described. 
Chapter 2 describes the synthesis and characterisation of novel transition metal complexes 
bearing substituted bipyridyl ligands with pendant basic groups. The reactivity of the 
complexes towards carbon monoxide and hydrogen is also investigated. 
Chapter 3 describes the synthesis and characterisation of novel transition metal pincer 
complexes. The reactivity of these complexes with hydrogen and carbon monoxide is 
reported and the fluxionality of a Ru(II) complex is studied. 
In Chapter 4, the reduction of carbon monoxide at a metal centre with metal hydride 
complexes is described, along with in situ hydrogen activation to form the hydride donors. 
The mechanisms and products of the reactions are investigated, and the implications with 
regard to syngas conversion discussed. The CO tolerance of novel transition metal 
complexes in the hydrogenation of carbonyl substrates is also reported.  
Experimental details relating to the synthesis and characterisation of the novel compounds 
in Chapters 2 to 4 are detailed in Chapter 5. 
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1.1. Background 
With much of the world’s growing energy demands dependent on diminishing stocks of fossil 
fuels such as oil, it becomes increasingly important to find alternatives from renewable 
sources. Syngas (CO/H2) conversion to hydrocarbon fuels and chemicals, currently derived 
from oil, is an attractive prospect in this area. The mixture can be readily obtained from fossil 
fuel reserves as well as from renewable resources, for example via steam reforming of natural 
gas and the gasification of coal or biomass.  
Syngas conversion has grown to become an economically viable process for fuel production 
due to the increasing price of oil compared to the relatively abundant feedstocks of syngas. 
The recent coming on stream of Shell's gas to liquid (GTL) plant in Qatar (Pearl GTL) 
demonstrates the importance of syngas conversion technologies.
1
 Catalytic processes for 
syngas conversion have generated much interest in the past; previous developments in the 
field are discussed in section 1.2. 
 
1.2. Catalytic syngas conversion 
Both heterogeneous and homogeneous systems have previously been developed for syngas 
conversion. Heterogeneous systems have proven much more efficient in the past and have 
seen much development and commercialisation from the industrial sector along with 
academic research. Homogeneous systems have been investigated in the academic and 
industrial sectors, but have so far proven too inefficient to compete commercially with the 
heterogeneous processes. 
1.2.1. Heterogeneous syngas conversion 
Research into heterogeneous syngas conversion began in the early 20
th
 century with the 
discovery by Sabatier that methane was produced from carbon oxides and hydrogen over a 
nickel catalyst.
2
 Following on from this was the observation by Fischer and Tropsch in 1926 
that liquid hydrocarbons can be produced over an iron or cobalt catalyst at moderately 
elevated temperatures and low pressures (Equations 1.1 and 1.2).
3-4
 Ruthenium has since 
been found to also be a highly active catalyst for the Fischer-Tropsch process in addition to 
iron and cobalt.
5
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While single carbon products can be selectively produced by the heterogeneous process, 
methane is not a desirable product as it is itself used as a feedstock for syngas production. 
Methanol is already commercially produced from syngas over a copper-zinc catalyst. The 
problem arises that in producing useful, longer chain hydrocarbons, an Anderson-Schulz-
Flory distribution of products is observed. Some selectivity has been achieved in 
heterogeneous processes but a highly selective catalytic system has not yet been achieved. 
The nature of heterogeneous catalysis prevents detailed analysis of the reaction occurring and 
has limited scope for alteration of the catalyst. These are problems that can be addressed by 
the use of a homogeneous catalytic route. 
 
1.2.2. Homogeneous syngas conversion 
Homogeneous catalytic systems for syngas conversion are an attractive prospect to address 
the selectivity issues of the heterogeneous process. Greater variation of catalysts is easily 
accessible in the alteration of ligands present and solvents used. An increased ease of reaction 
analysis by techniques such as NMR spectroscopy provides greater means of understanding 
the mechanisms involved and so adapting catalyst systems for selectivity. 
Homogeneously catalysed conversion of syngas to reduced products was first observed by 
Gresham and Schweitzer in the early 1950s using cobalt catalysts at pressures as high as 
1500-5000 atm.
6
 There was an increase in research activity during the 1970s and early 1980s 
as oil prices increased, making fuel from syngas an economically viable prospect. In the 
1980s, when oil prices decreased, interest in the field died down again. There was however 
some novel work on homogeneous syngas conversion reported during this period. 
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In 1974, a patent from Union Carbide researchers reported the production of ethylene glycol 
using various rhodium and cobalt catalysts at high temperatures and extremely high pressures 
(> 1000 atm).
7
 Following this, several homogeneous catalytic systems for syngas conversion 
to oxygenates at high pressures were reported using transition metal catalysts based on cobalt, 
ruthenium, rhodium, iron, iridium and osmium.
8-15
 The primary products in most systems are 
methanol and ethylene glycol (Equations 1.3 and 1.4) with some production of other 
oxygenates such as methyl formate.  
 
 
 
Formation of higher oxygenates such as ethylene glycol appears to be promoted by the 
presence of Lewis acids such as aluminium chloride and boron tribromide, or in an acidic 
solvent such as acetic acid. 
9-10, 12
The active catalytic species in these homogeneous reactions 
have not been proven and in some cases, especially if the production of alkanes is observed, it 
is likely that metal deposited in the reaction vessel could be acting as a heterogeneous 
catalyst. It has been suggested that in the case of [Ru3(CO)12], the active catalytic species 
may be the unstable, mononuclear [Ru(CO)5] and it could be that the large pressures required 
drive the formation of the active metal carbonyls and hydrides.
12
 The huge pressures required 
along with the poor conversions obtained are the main disadvantages of these homogeneous 
systems and new approaches must seek to address these issues. Lower pressure conversion of 
syngas to hydrocarbons and olefins, in an apparently homogeneous system, has been reported 
using a cobalt catalyst with triethylaluminium under conditions where water produced is 
continually evacuated from the system.
16
 This is however a complicated experimental 
procedure and the active catalytic species was not positively determined as a homogeneous 
complex. 
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1.2.3. Mechanistic considerations 
Though there have been many suggestions for the mechanisms involved in the heterogeneous 
and homogeneous conversion of syngas, there is no proven or generally accepted pathway for 
either.
17
 With the heterogeneous and homogeneous approaches producing mainly 
hydrocarbons and oxygenates respectively, it is obvious that different mechanisms are 
followed in each case.  
The most likely and most commonly invoked mechanism for heterogeneous Fischer-Tropsch 
catalysis proceeds via the formation and subsequent oligomerisation of surface carbide 
species (Scheme 1.1).
17-18
 This mechanism was the route originally proposed by Fischer and 
Tropsch in 1926 and has been backed up by experimental observation of catalytic activity 
with CH2N2 and 
13
CH2N2 decomposed over cobalt, iron and ruthenium catalysts.
19-20
 
 
 
Scheme 1.1: A proposed mechanism for the heterogeneous Fischer-Tropsch process.
18
 
 
Bridging methylene units have been favoured by some in the proposal of this mechanism.
19-20
 
There has however been the observation of catalysis with a supported mononuclear cobalt 
complex, suggesting that the formation of mononuclear carbide intermediates may also be 
possible.
21
 It has also been proposed that CO insertion may play a role in heterogeneous 
mechanisms.
22
 
The mechanism involved in the homogeneous, catalytic formation of oxygenates from syngas 
is undoubtedly quite different to the heterogeneous mechanism.
17-18, 23
 The first step in such a 
mechanism is generally suggested to be the formation of a metal formyl species, followed by 
hydrogenation to a coordinated formaldehyde species. This is then hydrogenated to a 
methoxy or a hydroxymethylene species, which in turn can be hydrogenated to methanol, or 
in the latter case, undergo CO insertion and hydrogenation to produce ethylene glycol 
(Scheme 1.2).
17-18, 23
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Scheme 1.2: A proposed mechanism for the homogeneous hydrogenation of CO to methanol and ethylene 
glycol.
18
 
 
The insertion of CO into a metal hydride bond is known to be an unfavourable reaction 
giving generally unstable formyl complexes.
24-25
 This, along with the thermodynamically 
unfavourable formation of formaldehyde from CO and H2, makes the initiation of the 
proposed mechanism incredibly difficult.
26
 It has however been suggested that enough 
formaldehyde as a reactive intermediate could be formed under the conditions.
13
 It is likely 
that the harsh pressures and temperatures required for homogeneous syngas conversion are a 
reflection of the energetically demanding steps involved. The focus in moving forward from 
these previous catalytic systems is to achieve catalytic reduction of CO under milder 
conditions, particularly to achieve reduction at substantially lower pressures than the 
homogeneous systems outlined in Section 1.2.2 (less than 100 bar for example). 
 
1.3. Stoichiometric reduction of metal carbonyls 
A key intermediate in homogeneous reduction of CO involves the formation of metal formyl 
complexes. These complexes, along with subsequently reduced species have been generated 
and studied in the past by stoichiometric reduction with main group and transition metal 
hydrides. 
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1.3.1. Reduction of CO with main group hydrides 
Main group hydrides such as borohydrides and aluminium hydrides are well known reducing 
agents, and though these reagents cannot be generated from H2, and so would not form part of 
a catalytic system involving syngas, there has been a great deal of relevant research regarding 
CO reduction. There have been many reports in the past of metal formyls generated by the 
reduction of metal carbonyls with main group hydrides such as NaBH4, LiEt3BH, NH4BH4 
and i-Bu2AlH.
27-30
 Following on from this, Gibson and others used a new synthetic method 
involving the use of MeOH as a solvent to give immediate precipitation of the formyl 
complexes, allowing more thorough characterisation.
31-34
 Ruthenium formyl species of 
bipyridine and terpyridine carbonyl complexes have been reported as a result of NaBH4 
reduction and their properties in acidic conditions investigated.
35-37
 It was found that the 
reaction of these complexes with NaBH4 produced methanol, in small amounts for 
[Ru(bipy)2(CO)2]
2+
 and quantitatively for [Ru(terpy)(bipy)(CO)]
2+
 (Scheme 1.3).
35
 In the 
same study it was found that while the analogous phosphine complexes [Ru(dppe)2(CO)]
2+
 
and [Ru(dmpe)2(CO)]
2+
 were reduced to formyl complexes with BH4
−
, no MeOH was 
produced even with excess BH4
−
. These ruthenium bipyridine and terpyridine complexes 
were also shown to be effective for the electrocatalytic reduction of CO2, though in the 
context of syngas conversion this is of less importance.
35
 
 
 
Scheme 1.3: The reduction of CO to methanol on a Ru(II) carbonyl complex using NaBH4.
35
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1.3.2. Reduction of CO with transition metal hydrides 
In addition to CO reduction using main group hydrides, there have been reports on the 
reduction of metal bound carbonyl ligands with transition metal hydrides. CO reduction to 
methoxy and C-C coupled species has been reported using early transition metal hydrides of 
zirconium and tantalum.
38-42
 Similar reactivity has also been observed with some lanthanide 
complexes.
43-44
 
More significant in terms of syngas chemistry is the work of the DuBois group with the 
generation of late transition metal hydrides of platinum and nickel that are able to reduce a 
range of carbonyl complexes to formyl species.
45
 Similar complexes of rhodium have also 
been reported and shown to be powerful hydride donors.
46
 The key in these systems was the 
ability to generate the hydride complexes from the reaction with H2 and a base (Scheme 1.4), 
showing potential for use in catalytic syngas conversion. It was additionally shown that the 
platinum(I) complex [Pt(dmpp)2]
+
 (dmpp = 1,3-bis(dimethylphosphino)-propane) reacts with 
rhenium(I) carbonyl complex [CpRe(NO)(CO)2]
+
 under hydrogen in the presence of a base to 
give the rhenium(I) formyl complex [CpRe(NO)(CO)(CHO)], albeit only in a 9 % yield after 
4 hours.
47
   
 
 
Scheme 1.4: Synthesis of bis(diphosphine) hydride complexes by reaction with a base under hydrogen.
47
  
 
A potential catalytic cycle using these late transition metal hydrides was proposed by 
Bercaw’s group (Scheme 1.5).48 This concept was demonstrated experimentally with the 
reaction of [(PPh3)Mn(CO)5]
+
 and [HPt(dmpe)2]
+
. This combination generated a formyl 
species, and subsequent treatment with strong acids gave elimination of methyl acetate.
49
 It 
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was not possible to operate this system catalytically however, due to the incompatibility of 
the hydride complex with the acidic reagents required. 
 
Scheme 1.5: A catalytic cycle for homogeneous CO reduction as proposed by Bercaw et al.
48
 
 
Subsequent research by Bercaw and co-workers involved the use of a pendant Lewis acid 
bound to a rhenium carbonyl complex.
50
 This was treated with [HPt(dmpe)2]
+
, giving 
reduction of a bound carbonyl, insertion of CO into a Re-C bond and further reduction of the 
C-C coupled species (Scheme 1.6). The boroxycarbene formed did not undergo any further 
reaction due to the strong B-O bonds formed and thus it was suggested that the use of a 
weaker Lewis acid may facilitate a catalytic cycle. 
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Scheme 1.6: Reduction of CO on a Re(I) complex with pendant Lewis acid groups. 
50
 
 
 
1.4. Heterolytic activation of H2 
Reduction of CO to oxygenates appears to require a source of H
−
 and a source of H
+
. As has 
been encountered in the past, there is the problem of creating a catalytic cycle where most of 
the acids and hydride donors used are incompatible with each other. In terms of syngas 
conversion, where the hydrides and protons are obtained from hydrogen, the heterolytic 
activation of H2 is of great importance. The generation of hydrides seen previously on late 
transition metal complexes is an example of heterolytic activation, with the disadvantage that 
the strong base required is unlikely to act as a strong enough acid once protonated. Thus the 
primary focus in the activation of hydrogen is the in situ heterolytic cleavage of H2. The 
following sections discuss the possible ways this can be achieved. 
 
1.4.1. Frustrated Lewis pairs 
Frustrated Lewis pairs (FLPs) consist of a Lewis acid and a Lewis base, prevented from 
forming a stable adduct due to steric hindrance. First reported by Stephan in 2006, the 
implications in hydrogen activation and catalysis were quickly recognised.
51-52
 It was shown 
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that FLP systems are able to heterolytically cleave H2 and since then, many more systems 
have been reported that show similar reactivity.
53-55
 
FLP mediated reduction of CO2 to methanol was achieved by Ashley and co-workers using a 
tetramethylpiperidine/B(C6F6)3 system, though this was prevented from being catalytic by the 
instability of the borane with respect to the methanol formed in the reaction (Scheme 1.7).
56
 
 
 
Scheme 1.7: A typical frustrated Lewis pair system that is able to activate hydrogen and reduce CO2.
56
  
 
An FLP system has also been reported by Bercaw to effect reduction of CO bound to a metal 
centre.
57
 The rhenium carbonyl complex with pendant Lewis acid groups discussed in section 
1.3.2 was used in conjunction with a phosphazene base to effect heterolytic activation of 
hydrogen. Subsequent intramolecular reduction of carbonyl ligands to the same 
boroxycarbene product seen previously was observed, once again preventing a catalytic 
reaction (Scheme 1.8). 
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Scheme 1.8: Intramolecular reduction of CO with hydrogen on a Re(I) carbonyl complex with pendant Lewis 
acid groups.
57
 
A metal based zirconium-phosphine FLP system was reported by Wass et al. to  
heterolytically activate hydrogen. Interestingly, this system also reacted with syngas to form a 
bound formaldehyde complex (Scheme 1.9).
58
  
 
 
Scheme 1.9: The activation of hydrogen and reduction of CO to formaldehyde by a zirconium-phosphine FLP.
58
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1.4.2. Hydrogen activation by metal-ligand cooperation 
Another method that has been shown to heterolytically activate hydrogen in the past is by the 
use of a metal complex bearing ligands with pendant basic functionality (Scheme 1.10). This 
gives an advantage for syngas conversion in that it may be possible to activate hydrogen and 
reduce CO at a single metal centre, or at least effect both from a single catalyst precursor. 
 
Scheme 1.10: Heterolytic hydrogen activation by metal-ligand cooperation. 
This type of hydrogen activation has been reported several times in the past with various 
different ligand systems on metals such as iridium, nickel, rhodium and ruthenium.
59-62
 Some 
complexes have taken inspiration from the relatively recent characterisation of the active site 
in certain hydrogenase enzymes.
60
 The enzymes have been shown to contain binuclear sites 
of iron and nickel, bridged by sulfur ligands (Figure 1.1).
63-64
 The use of sulfur bridging 
ligands for hydrogen activation has also been shown to be effective in synthetic ruthenium 
and rhodium systems.
61-62
 A review has been published on the subject.
65
 
 
 
Figure 1.1 
 
Hydrogenation catalysis is another area where hydrogen activation is of great importance, 
and many hydrogenation catalysts have been shown to activate hydrogen by metal ligand 
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cooperation. Highly active diphosphine-diamine ligand systems on ruthenium were 
discovered by Noyori and shown to activate hydrogen heterolytically.
66-67
 Deprotonating the 
amine ligand generates a basic site which facilitates the heterolytic activation of hydrogen 
(Scheme 1.11). 
 
 
Scheme 1.11: The heterolytic activation of hydrogen by a diphosphine-diamine Ru(II) complex.
67
 
 
A similar mechanism of activation has been displayed by an iridium(III) pincer complex, 
wherein deprotonation of the amine group on the ligand facilitates the heterolytic activation 
of hydrogen.
68
 This complex is also active in the hydrogenation of CO2, displaying facile 
insertion of CO2 into the iridium hydride bond (Scheme 1.12).
69
 
 
 
Scheme 1.12: Hydrogen activation and subsequent CO2 activation by an iridium(III) complex.
69
 
 
One significant development, particularly in the field of hydrogenation catalysis, was the 
discovery of a series of pincer complexes based on phosphine and amine substituted pyridyl 
ligands by Milstein and co-workers. These ligands can be deprotonated at the side arm of the 
ligand to give a dearomatised ring, followed by the unsaturated carbon linker between the 
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phosphine and pyridine ring acting as a base, deprotonating dihydrogen to regain the 
aromaticity of the ring and produce a metal hydride (Scheme 1.13). These PNP and PNN 
ligand systems have been shown to activate hydrogen on several different metals and have 
been used in the catalytic hydrogenation of substrates including ketones, esters, amides, urea 
derivatives and formates.
70-74
 
 
 
Scheme 1.13: An example of hydrogen activation by a pincer complex as shown by Milstein et al. 
 
1.5. Indirect syngas conversion 
In addition to the direct conversion of syngas discussed in Section 1.2, there is also increased 
interest in step-wise conversion processes involving syngas.  
1.5.1 Syngas to alcohols 
Syngas conversion to methanol with a copper-zinc catalyst is a well known industrial process, 
however efficient routes to higher alcohols directly are not known. Ethanol can be 
synthesised indirectly from syngas by the steps shown in Scheme 1.14. A BP patent describes 
a process where syngas derived methanol is dehydrated to dimethylether using an acid 
catalyst, the dimethylether is then carbonylated to methyl acetate with a heterogeneous 
zeolite catalyst, and hydrogenation of the methyl acetate gives ethanol and methanol.
75
 A 
similar route was proposed by Liu et al.
76
 Another process involving direct methanol to 
methyl acetate has also been published.
77
 
 
Scheme 1.14: The step-wise conversion of syngas to ethanol via methanol homologation. 
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Reducing the number of steps in such a process would be advantageous, though this is not an 
easy problem to overcome. Combining the final carbonylation and hydrogenation would 
require an ester hydrogenation in the presence of CO. A BP patent describes an improved 
process for hydrogenating alkyl esters in the presence of CO with a heterogeneous copper 
catalyst, though CO tolerant hydrogenation of esters is  not a well explored field.
78
 
Homogeneous ester hydrogenation has advanced significantly in the recent past and a review 
has recently been published on the topic.
79
 Despite many complexes being discovered to 
effectively catalyse ester hydrogenation under mild conditions, there is a lack of information 
on CO tolerant ester hydrogenation in homogeneous systems. Milstein et al. have 
demonstrated the homogeneous hydrogenation of carbonates and formates as a proposed  
route from CO or CO2 to alcohols, but no hydrogenation in the presence of CO was 
attempted.
73
 
As discussed in Section 1.2.2., ethylene glycol can be produced directly in high pressure 
homogeneous syngas conversion systems. These systems are, however, not efficient enough 
to be viable as industrial processes. A step-wise process for synthesising ethylene glycol from 
syngas via dimethyl oxalate synthesis and hydrogenation was described by Luo et al.
80
 
Eastman Chemical Company patents also suggest a route to ethylene glycol via 
hydroxycarbonylation of formaldehyde to glycolic acid, followed by hydrogenation.
81-82
 
1.5.2 Hydroformylation 
Hydroformylation is a well established process for converting olefins to aldehydes in the 
presence of syngas, with a wide range of transition metal catalysts.
83-84
 This reaction requires 
an olefin feedstock and so requires syngas derived olefins as a first step in order to be 
considered as a solely syngas fed process. 
Recently, there has been increased interest in reductive hydroformylation reactions wherein  
an alkene undergoes hydroformylation to an aldehyde, followed by hydrogenation to an 
alcohol (Scheme 1.15).
85-92
 This reaction necessarily includes hydrogenation of the 
intermediate aldehyde in the presence of CO. This is important in the context of syngas 
conversion as hydrogenation in the presence of CO is likely to be central to efficient syngas 
conversion systems. 
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Scheme 1.15: A general scheme for the reductive hydroformylation of alkenes to alcohols. 
 
Several of the catalysts used in the reductive hydroformylation reaction have been directly 
tested for hydrogenation of aldehydes under syngas. A ruthenium(II) carbonyl complex, 
Shvo's catalyst, has shown good activity for this reaction, effectively hydrogenating 
undecanal in the presence of CO.
88
 It was also suggested that there may be a synergistic 
effect between this catalyst and various rhodium(I) complexes in the hydrogenation step.
89
 
Rhodium(I) catalysts in combination with various ligands have shown good activity in this 
regard.
86-87
 Despite the investigations mentioned here, there is generally a lack of in-depth 
research in to CO tolerant hydrogenation. 
This reaction has also been considered industrially for step-wise syngas to alcohol or syngas 
to alkene systems. Patents have described processes wherein ethylene, derived from syngas, 
undergoes reductive hydroformylation to propanol.
93
 The propanol from such a process can 
then also be dehydrated to propene, to provide a system for upgrading alkenes.
94
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1.6. Strategies for homogeneous syngas conversion 
The broad aim of the research described in this thesis is to investigate possible methods for 
the homogeneous catalytic conversion of syngas to reduced products using lower pressures 
than the systems discussed in Section 1.2.2. Two strategies are proposed to achieve this.  
The first strategy aims to activate hydrogen and carbon monoxide at a single metal complex. 
This involves the heterolytic activation of hydrogen, facilitated by basic groups on the ligand, 
resulting in direct reduction of a carbonyl ligand to a formyl group (Scheme 1.16). 
 
 
Scheme 1.16: A proposed intramolecular activation of hydrogen to effect carbon monoxide reduction to a 
formyl ligand. 
 
A possible catalytic cycle for syngas conversion to oxygenates in a system of this kind is 
shown in Scheme 1.17. The cycle goes by a similar route to that suggested previously by 
Bercaw and co-workers.
48
 Hydrogen is heterolytically activated to reduce a carbonyl ligand 
to a formyl ligand, facilitated by a basic group. A series of protonations, hydride reductions, 
and CO insertions can proceed to potentially produce a variety of C2+ products. 
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Scheme 1.17: A proposed catalytic cycle for CO reduction to oxygenates via intramolecular hydrogen and CO 
activation. 
 
The second proposed strategy proceeds via a similar catalytic cycle but would utilise separate 
hydrogen activation and carbon monoxide activation complexes (Scheme 1.18). This involves 
two metal complexes: a hydrogen activation complex with ligand bearing a pendant basic 
group on metal MA and a carbonyl complex with electrophilic carbonyl ligands on metal MB. 
 
 
Scheme 1.18: A proposed intermolecular system involving heterolytic activation of hydrogen on one complex 
and carbon monoxide reduction to a formyl ligand on a separate complex. 
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A similar catalytic cycle to that in Scheme 1.17 is proposed for an intermolecular system 
(Scheme 1.19). This system differs from the intramolecular system in that the hydrogen 
activation takes place on a complex separate from that on which the CO reduction takes 
place, generating hydride and proton donor species from hydrogen. This has the advantage 
that both complexes in the system can be independently varied in order to achieve an 
effective combination. 
 
 
Scheme 1.19: A proposed catalytic cycle for CO reduction to oxygenates via hydrogen activation and CO 
activation on separate complexes. 
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2.1. Introduction 
Bipyridyls are a highly versatile class of ligands in organometallic chemistry. 2,2’-Bipyridyl 
(bipy) derivatives are widely used as ligands in mononuclear complexes because of their 
affinity towards a wide range of transition metals, their characteristically strong and rigid 
bidentate binding mode and their tunability. 
The heterolytic activation of hydrogen can be effected by the presence of basic functionality 
on the ligand in relatively close proximity to the metal centre. In order to meet this 
requirement, basic groups should be substituted in positions adjacent to the coordinating 
nitrogen atoms. The basic substituents should not be able to coordinate to the metal centre at 
the same time as or in preference to the pyridyl groups. It was decided therefore, that ligands 
L1 and L3 bearing hydroxy or amino groups in the 6,6' positions would be suitable (Figure 
2.1). A further advantage in the use of these ligands is the potential for increased basicity via 
deprotonation of the hydroxy or amino groups. 
 
Figure 2.1: Bipyridyl compounds with pendant basic functionalities  
The use of 6,6’-dihydroxy-2,2’-bipyridine (dhbipy) (L1) as a ligand in metal complex 
synthesis was first reported by Conifer et al. in the preparation of rhodium complexes for 
carbonylation catalysis.
1
 Due to the tautomerisation equilibrium of free dhbipy lying on the 
side of the bipyridone, where the nitrogen atoms are unable to coordinate to a metal centre, 
direct reaction of dhbipy with metals was believed not possible. Silyl protection of the 
hydroxyl groups to give 6,6′-bis(tert-butyl-dimethylsiloxy)-2,2′-bipyridine (L2) was found to 
facilitate coordination to the metal centre, with subsequent hydrolysis in wet solvent to 
remove the protecting groups (Scheme 2.1). 
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Scheme 2.1: Silyl protection of dhbipy facilitates coordination to rhodium (TBSMSCl = tert-
butyldimethylsilylchloride)
1
 
It has since been shown, during the course of this project and also in other publications, that 
dhbipy can be coordinated to a metal without this protection step, though there may still be 
some cases where it remains necessary.
2-8
 These new complexes of dhbipy have found uses in 
various fields including oxidation and hydrogenation catalysis and as potential anti-cancer 
agents.
2-8
 A review of recent developments in catalysis using hydroxy-substituted pyridyl 
ligands has recently been published.
9
 Complexes of 6,6’-diamino-2,2’-bipyridine (dabipy) 
(L3) are less recent and have been used in a variety of applications such as oxidation, 
carbonylation, deoxygenation and hydrogenation catalysis.
10-15
 
 
2.2. Ligand synthesis 
6,6’-Dihydroxy-2,2’-bipyridine (dhbipy) (L1) was initially synthesised according to the 
literature procedure involving the hydrolysis of N,N’-difluoro-2,2’-bipyridinium 
bis(tetrafluoroborate).
16
 However, a superior route involves a heterogeneous, palladium 
mediated homocoupling of commercially available, inexpensive 6-chloro-2-hydroxypyridine 
(Scheme 2.2).
17
 
 
Scheme 2.2 
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The silyl protected ligand L2 was synthesised according to the literature procedure.
1
 
6,6’-Diamino-2,2’-bipyridine (dabipy) (L3) was synthesised by a literature procedure in 2 
steps (Scheme 2.3).
12, 18
 An alternative preparation for 6,6’-dibromo-2,2’-bipyridine using 
POCl3 in place of CuCl2/air was also attempted but, in our hands, was found to give an 
inferior yield and purity compared to the method above.
19
 The palladium catalysed procedure 
used in the synthesis of L1 was attempted for the homocoupling of 6-chloro-2-aminopyridine 
to L3 but was found to be ineffective. 
 
 
Scheme 2.3 
 
2.3. Synthesis and reactivity of complexes 
Homogeneous syngas conversion is a relatively unexplored field and as such there is little 
precedent for which metals will ultimately prove effective. Ruthenium is known to be an 
active heterogeneous Fischer Tropsch catalyst and has been used in high pressure 
homogeneous syngas conversion studies, showing some activity in the production of 
oxygenates from syngas.
20-24
 Ruthenium is thus a good candidate for the development of new 
homogeneous syngas conversion systems. Bis-bipyridine complexes of ruthenium have 
shown activity in the reduction of CO with borohydrides and the electrocatalytic reduction of 
CO2.
25-27
 Iron is also an active Fischer Tropsch catalyst and, as a group 8 metal, has similar 
properties to ruthenium. However, iron can present problems with regards to NMR analysis 
due to the formation of paramagnetic complexes. In this section, the development of 
ruthenium and iron complexes of ligands L1 and L2 and reactions with H2 and CO have been 
investigated. 
 
Chapter 2                                        Synthesis and reactivity of substituted bipyridyl complexes 
30 
 
2.3.1. Ruthenium complexes of 6,6’-dihydroxy-2,2’-bipyridine 
The initial target for ruthenium complexes with L1 was to synthesise bis-bipyridyl carbonyl 
complexes that can potentially be deprotonated to generate increased basicity on the ligand 
(Scheme 2.4). This complex would then have the potential to react with hydrogen in the way 
described previously (Section 1.6) and thereby facilitate reduction of the bound carbon 
monoxide. 
 
 
Scheme 2.4 
The synthetic pathway to this complex was initially based upon the known synthesis of the 
cis-dicarbonyl ruthenium bis-bipyridine complex 2 (Scheme 2.5).
25, 28
 This involves the initial 
synthesis of cis-bis(2,2'-bipyridine)dichlororuthenium(II) (1) from ruthenium trichloride, 
2,2’-bipyridine (bipy) and lithium chloride in dimethylformamide, followed by displacement 
of the chloride ligands under carbon monoxide and subsequent anion exchange. 
 
 
Scheme 2.5 
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2.3.1.1. Synthesis of [RuCl2(dhbipy)2] 
Attempts to react the silyl protected L2 under the conditions as in Scheme 2.5 were 
unsuccessful, resulting primarily in the recovery of the deprotected ligand L1.  
Alternative routes using pre-formed ruthenium (II) complexes with labile ligands as starting 
materials were then pursued. The first of these was the dichlorotetrakis(dimethylsulfoxide) 
ruthenium(II) complex 3, which was successfully synthesised according to the literature 
procedure.
29
 The reaction of this precursor with 2 equivalents of L2 was found to be 
ineffective. Stirring at room temperature in dichloromethane, or heating to reflux in toluene, 
resulted in the recovery of the starting materials in both cases (Scheme 2.6). A similar 
approach using the analogous tetrakis(acetonitrile) complex [RuCl2(MeCN)4] was equally 
ineffective.
30-32
  
 
Scheme 2.6 
A procedure inspired by the previous successful coordination of L2 to rhodium was also 
attempted using the easily synthesised, polymeric, 1,5-cyclooctadiene (COD) complex 
[RuCl2(COD)]n (4).
33
 In the rhodium procedure, [RhCl(COD)]2 was stirred at room 
temperature with silver hexafluoroantimonate in acetone, precipitating silver chloride and 
presumably forming a reactive acetone complex, which then reacts with the silyl protected 
ligand (Scheme 2.1).
1
 With the polymeric complex 4, no reaction was observed with silver 
hexafluoroantimonate, either at room temperature or after refluxing the reaction mixture for 6 
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hours. It is likely that higher temperatures are required to break up the polymeric structure of 
4 and effect a reaction with acetone or another ligand. There are several preparations of 
mixed acetonitrile-COD complexes from 4 reported in the literature, however following from 
our lack of success with [RuCl2(MeCN)4] this route was not further explored.
33
 
An alternative route, that has been used in the literature to produce several different 
ruthenium complexes bearing bipyridyl ligands with groups in the 6,6’ positions, is the 
reaction with RuCl3·xH2O and LiCl in ethylene glycol. 
34-36
 The reaction of two equivalents 
of L2 with RuCl3·xH2O and LiCl in ethylene glycol for 22 hours at 150 °C gave a dark brown 
solid that was very insoluble in most common solvents. 
1
H NMR analysis in d4-methanol was 
problematic and the low solubility resulted in a poor spectrum. 
Subsequent analysis by mass spectrometry and FTIR spectroscopy revealed that a likely 
product was cis-[RuCl(dhbipy)2(CO)]Cl (5) (Scheme 2.7). The mass spectrum showed major 
peaks corresponding to [RuCl(dhbipy)2(CO)]
+
 and [[RuCl(dhbipy)2(CO)]Cl + H]
+
 and a 
characteristic ν(CO) of a metal bound carbonyl at 1981 cm−1 was observed in the IR 
spectrum. This unsymmetrical complex would be expected to show 12 aromatic resonances 
in the 
1
H NMR spectrum, contributing to the complex spectrum. The bound carbonyl ligand 
must have arisen from the decomposition of the solvent or the oxidised product formed in the 
ethylene glycol mediated reduction of Ru(III) to Ru(II) (possibly glycolaldehyde or glyoxal). 
The dehydrogenation of ethylene glycol to form carbon monoxide has been observed in the 
literature to be promoted by transition metal catalysts and it is possible that a ruthenium 
complex could catalyse this decomposition.
37-39
 This complex was never purified to a 
satisfactory level despite multiple attempts at washing and crystallisation. However, it was 
discovered that repeating this reaction at 125 °C, for 16 hours gave only the target complex 
[Ru(dhbipy)2Cl2] (6) (Scheme 2.7).  
 
Scheme 2.7: The synthesis of ruthenium bis-dhbipy complexes. 
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Similar solubility problems as in the previous case were encountered, though the 
1
H NMR 
spectrum in d6-dmso showed six distinct resonances in the aromatic region (Figure 2.2). The 
hydroxyl protons appear as overlapping broad and sharp peaks at 11.6 ppm, which can be 
explained by intramolecular hydrogen bonds between the hydroxyl groups and the chloride 
ligands. 
 
Figure 2.2: 
1
H NMR spectrum (d6-dmso) of 6. 
The ESI mass spectrum showed a major peak consistent with [RuCl(dhbipy)2(MeCN)]
+ 
and 
the dication [Ru(dhbipy)2(MeCN)2]
2+
, the acetonitrile arising from the solvent used in the 
mass spectrometry technique. There was no ν(CO) stretch observed in the FTIR spectrum and 
elemental analysis was consistent with complex 6. Interestingly, the reaction could also be 
performed using the non-silyl protected ligand L1 to give the same product. At the time, this 
ligand had not previously been coordinated to a metal without the use of silyl protection, 
though as mentioned in Section 2.1, complexes synthesised directly from L1 have since been 
reported.
2-9
 
2.3.1.2. Solid state structure of [RuCl2(dhbipy)2] 
Dark purple crystals of complex 6, obtained by layering a dimethylformamide solution of the 
complex with diethylether, were analysed by X-ray diffraction. The complex crystallised with 
two independent molecules in the unit cell and several disordered DMF molecules. The 
molecular structure of one of the two complexes is shown in Figure 2.3. Selected bond 
lengths and angles are shown in Table 2.1.  
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Figure 2.3: Molecular structure of 6. 
 
Table 2.1: Selected bond lengths and angles for complex 6. 
Bond Lengths (Å) 
 
Bond Angles (°) 
 
A B 
  
A B 
Ru-N(1) 2.039(3) 2.045(3) 
 
Cl(1)-Ru-Cl(2) 90.5(4) 91.33(4) 
Ru-N(12) 2.095(3) 2.095(3) 
 
N(32)-Ru-N(12) 178.15(13) 178.39(12) 
Ru-N(21) 2.056(3) 2.037(3) 
 
N(1)-Ru-Cl(1) 178.81(10) 178.01(9) 
Ru-N(32) 2.086(3) 2.104(3) 
 
N(1)-Ru-Cl(2) 90.00(9) 87.26(9) 
Ru-Cl(1) 2.4124(9) 2.3981(10) 
 
N(21)-Ru-Cl(2) 177.49(8) 177.05(9) 
Ru-Cl(2) 2.4138(10) 2.4000(10) 
 
N(1)-Ru-N(12) 79.07(12) 79.29(13) 
C(2)-O(13) 1.290(5) 1.293(5) 
    C(11)-O(14) 1.318(6) 1.313(6) 
    C(22)-O(33) 1.295(5) 1.294(5) 
    C(31)-O(34) 1.328(5) 1.328(6) 
     
 
The complex is of octahedral geometry with only a slight distortion shown in the small 
variations (< 3°) from linearity for the 3 sets of trans atoms, and a near 90° angle between the 
chlorine atoms and both the other chlorine atom and the cis nitrogen atoms. The bite angle of 
just under 80° is typical for a bipyridine ligand.
40
 Interestingly, the two bipyridyl ligands are 
inequivalent in the structure, a property also observed in the 
1
H NMR spectrum. There is an 
intramolecular hydrogen bonding interaction observed between hydroxyl groups and adjacent 
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chloride ligands (O(14)-Cl(1) = 2.892(5) Å), also corresponding with the 
1
H NMR spectrum 
which shows one broad OH signal and one sharp OH signal. The Ru-N bond lengths are 
slightly different from each other depending on whether the bond is trans to another pyridyl 
or a chloride ligand, the same effect has also been reported in the structure of [RuCl2(bipy)2] 
and the Ru-N bonds in 6 are also of comparable length to those in this complex.
40
 There are 
only small differences between the two independent molecules and these are concluded to be 
due to crystal packing effects.  
There are intermolecular hydrogen bonding interactions between the hydroxyl groups not 
adjacent to chlorides and the equivalent group on another molecule. This gives two hydrogen 
bonds per molecule, forming chains of molecules in the solid state and explaining the poor 
solubility of the complex in solvents that are unable to break the hydrogen bonds (Figure 
2.4). Each chain consists of only one type of the two independent molecules in the 
asymmetric unit of the structure (“A” or “B”). Thus the structure contains alternating chains 
of A molecules and chains of B molecules (Figure 2.5). The molecule is also chiral, and 
though only one enantiomer is observed in this crystal, the bulk compound is assumed to be a 
racemic mixture. 
 
 
Figure 2.4: Part of a chain of "B" molecules in the solid state structure of 6 with O-(H)-O distances (Å). 
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Figure 2.5: A view of the crystal structure of 6 along the crystallographic b axis, showing alternating chains of 
“A” or “B” molecules. 
 
2.3.1.3 Synthesis of [Ru(6-hydroxy-6’-oxy-2,2’-bipyridine)(CO)2]2 
Following the successful synthesis of [RuCl2(6,6'-dihydroxy-2,2'-bipyridine)2], the chloride 
ligands should be replaced with carbonyl ligands. The synthesis of the ruthenium 
bis(bipyridine) dicarbonyl complex 2 involves heating complex 1 under pressure of carbon 
monoxide in water, and subsequent anion exchange results in the precipitation of 2 from the 
aqueous solution (Scheme 2.8).
25
 
 
Scheme 2.8: Synthesis of [Ru(bipy)2(CO)2](PF6)2. 
Suspending complex 6 in water and heating the reaction mixture to 140 °C in an autoclave 
under 20 atmospheres of carbon monoxide for 23 hours resulted in the formation of a bright 
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yellow precipitate, insoluble in most common solvents except dimethylsulfoxide or 
dimethylformamide. This solubility is distinctly different from complex 6, which is also 
sparingly soluble in polar solvents such as acetone, methanol or water in addition to 
dimethylsulfoxide and dimethylformamide. The complex formed was determined to be the 
dinuclear Ru(I) complex [Ru(6-hydroxy-6’-oxy-2,2’-bipyridine)(CO)2]2 (7) with the ligand 
bridging a Ru-Ru bond and coordinating via the deprotonated hydroxyl group (Scheme 2.9). 
Similar compounds have previously been reported, with 2-hydroxypyridine ligands bridging  
a range of dinuclear ruthenium complexes.
41-42
 Complex 7 was characterised by NMR 
spectroscopy, mass spectrometry, IR spectroscopy and X-ray crystallography. Elemental 
analysis was also consistent with this structure. 
 
 
Scheme 2.9: Synthesis of [Ru(6-hydroxy-6’-oxy-2,2’-bipyridine)(CO)2]2. 
 
The 
1
H NMR spectrum of 7 in d6-dmso shows 6 environments in the aromatic region (2 
overlapping) and the hydroxyl proton as a single broad resonance at 12.3 ppm (Figure 2.6). 
The 
13
C NMR spectrum shows the two carbonyl carbon signals at 204.3 and 207.2 ppm and 
ten aromatic resonances in the normal range for these environments. The IR spectrum shows 
4 bands for the ν(CO) absorbtion at 2020, 1977, 1915 and 1870 cm−1, consistent with the C2 
symmetry of the molecule. The ESI mass spectrum showed the expected complex as the 
monoprotonated cation. 
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Figure 2.6: 
1
H NMR spectrum (d6-dmso) of [Ru(6-hydroxy-6’-oxy-2,2’-bipyridine)(CO)2]2 at 298K. 
Complex 7 could also be synthesised independently from RuCl3 and from Ru3(CO)12 
(Scheme 2.10). The reaction of RuCl3 hydrate with one equivalent of L1 under 20 
atmospheres of carbon monoxide at 150 °C in methanol for 15 hours gave complex 7 in 54 % 
yield. Ru3(CO)12 with three equivalents of L1 was heated to reflux in THF for 16 hours, 
giving complex 7 in 73 % yield. Given that Ru3(CO)12 can be synthesised by the reaction of 
RuCl3 in methanol under carbon monoxide pressure, it is possible that in the former reaction 
Ru3(CO)12 is formed in situ and subsequently reacts with the ligand. 
 
 
Scheme 2.10: The multiple synthetic pathways to complex 7. 
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2.3.1.4 Solid state structure of [Ru(6-hydroxy-6’-oxy-2,2’-bipyridine)(CO)2]2 
Crystals of 7 suitable for X-ray diffraction were grown by the slow diffusion of water into a 
dimethylsulfoxide solution of the complex. The complex crystallised with a single ruthenium 
centre in the asymmetric unit, thus displaying the same symmetry across the Ru-Ru bond for 
the solid state structure as observed in the solution state NMR spectra. The crystal data 
confirms the predicted dinuclear structure of the complex, shown in Figure 2.7. 
 
Figure 2.7: Molecular structure of 7. 
 
Table 2.2: Selected bond lengths and angles for complex 7. 
Bond Lengths (Å) 
 
Bond Angles (°) 
Ru(1)-C(14) 1.894(7) 
 
C(14)-Ru(1)-C(13) 82.8(3) 
Ru(1)-C(13) 1.992(7) 
 
C(14)-Ru(1)-N(1) 92.0(4) 
Ru(1)-N(1) 2.029(5) 
 
N(1)-Ru(1)-N(12) 78.7(2) 
Ru(1)-N(12) 2.151(5) 
 
N(1)-Ru(1)-Ru(1A) 83.49(16) 
Ru(1)-Ru(1A) 2.6579(6) 
 
N(12)-Ru(1)-Ru(1A) 156.82(13) 
O(2)-Ru(1A) 2.107(4) 
 
C(13)-Ru(1)-N(1) 174.7(2) 
C(2)-O(2) 1.303(7) 
 
O(13)-C(13)-Ru(1) 176.2(6) 
C(11)-O(11) 1.330(10) 
 
O(14)-C(14)-Ru(1) 174.8(7) 
C(13)-O(13) 1.119(9) 
   C(14)-O(14) 1.151(9) 
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The ruthenium centres are formally Ru(I) and have a distorted octahedral geometry, with the 
ligand coordinating via O to the second ruthenium centre and displacing N(12) from the ideal 
octahedral geometry (N(12)-Ru(1)-Ru(1A) = 156.82(13)°). The Ru-Ru bond has a length of 
2.6579 Å and is comparable to similar dinuclear complexes.
42-43
  
Intermolecular hydrogen bonding is observed in the structure, with several potential 
interactions between the hydroxyl group and either the hydroxyl oxygen, the bound oxygen, 
or the carbonyl oxygen on the next molecule in the crystal (Figure 2.8). This leads to chains 
of molecules with two hydrogen bonds at each link, which would explain the insolubility of 
the complex in solvents unable to break these strong hydrogen bonds.  
 
 
Figure 2.8: Chains of molecules in the solid state structure of complex 7 with potential hydrogen bond O-(H)-O 
distances (Å). 
 
Interestingly, in the complex with two 2-hydroxypyridine ligands in place of the 2,2’-
dihydroxybipyridine, a similar intramolecular hydrogen bonding interaction was observed 
between the free hydroxy and the bound oxy groups (Figure 2.9).
42
 This intramolecular 
hydrogen bonding prevents the strong intermolecular hydrogen bonding displayed by 
complex 7 and so the 2-hydroxypyride complex is soluble in non hydrogen-bonding solvents 
such as toluene and dichloromethane.
41-42
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Figure 2.9: Intramolecular hydrogen bonding in a 2-hydroxypyridine complex. 
2.3.1.5 Deprotonation of [Ru(6-hydroxy-6’-oxy-2,2’-bipyridine)(CO)2]2 
In order to create strongly basic sites on the ligand in complex 7, the hydroxyl groups were 
deprotonated. The removal of the hydroxyl protons should also remove the hydrogen bonding 
interactions that were observed in the solid state structure of 7, and thus should increase the 
solubility. Additionally, the use of a solubilising cation, such as tetrabutylammonium, would 
aid further studies of the complex formed. 
Complex 7 was deprotonated with 2 equivalents of tetrabutylammonium hydroxide to give 
the dianionic complex 8 as an orange powder (Scheme 2.11). As predicted, the deprotonation 
increased the solubility of the complex, with the yellow suspension of complex 7 in 
acetonitrile quickly forming an orange solution upon the addition of the base. Complex 8 was 
found to be soluble in relatively polar organic solvents such as acetone, THF and methanol. It 
should be noted however, that in methanol or wet solvents, complex 8 is slowly 
re-protonated, driven by the precipitation of 7 from solution, which implies that the reaction 
is reversible. 
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Scheme 2.11: Equilibrium between complexes 7 and 8. 
 
The 
1
H NMR spectrum of 8 in d6-dmso shows 6 resonances in the aromatic region, consistent 
with the symmetry of the molecule, and shifted upfield relative to complex 7 due to the 
increased electron density on the bipyridyl ligands (Figure 2.10). 
 
Figure 2.10: 
1
H NMR spectra (d6-dmso) showing the aromatic region of 7 (a) and deprotonated complex 8 (b). 
 
The increased electron density is also evident in the FTIR spectrum, whereby the ν(CO) 
bands show a decrease of 10-20 cm
−1
, and thus a decreased bond strength, due to increased 
backbonding from the metal centre. The 
13
C NMR spectrum shows the effect of the increased 
back bonding, with the CO carbon resonances shifting downfield by around 3 ppm in 
complex 8 compared to 7. This effect of back bonding on the 
13
C NMR CO resonance has 
been observed previously for various transition metal complexes.
44
 The ESI mass spectrum of 
8 shows the mono-protonated anion and elemental analysis is consistent with the proposed 
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structure. Several attempts to grow a single crystal of 8 for X-ray diffraction studies were 
unsuccessful, which could be a result of the large potential for disorder associated with the 
eight butyl groups in the two tetrabutylammonium cations. 
The reaction was found to be reversible, with the addition of an excess of DCl in D2O to a 
solution of 8 in d6-dmso giving complete conversion to complex 7 in the 
1
H NMR spectrum. 
Partial protonation of the complex resulted in fluxionality, with only six broad signals in the 
aromatic region of the 
1
H NMR spectrum. Complex 8 in d6-dmso was titrated with a solution 
of DCl in D2O and a smooth transition to doubly protonated complex 7 was observed by 
1
H 
NMR spectroscopy (Figure 2.11). This fluxionality is likely to be a result of proton exchange 
inter- and intramolecularly. 
 
 
Figure 2.11: 
1
H NMR spectra (d6-dmso) showing the fluxional behaviour upon addition of DCl to deprotonated 
complex 8, with complex 7 being formed after 2 equivalents have been added. 
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As mentioned before, complex 8 slowly reacts with methanol to precipitate complex 7. In 
order to obtain an estimate of the basicity of complex 8, a d6-dmso solution of methanol was 
added to a d6-dmso solution of complex 8 and the reaction was monitored by 
1
H NMR 
spectroscopy. It was observed that the addition of methanol causes a shift in the equilibrium 
(Scheme 2.11) towards the protonated species, though even when an excess was added (100 
equivalents), there was only a small change in the chemical shift. This indicates that the 
doubly deprotonated complex 8, is less basic than methoxide in d6-dmso (Figure 2.12). 
 
 
Figure 2.12:
 1
H NMR spectra (d6-dmso) showing the deprotonation of MeOH by complex 8. Peak numbers are 
labelled in italics. 
 
In Figure 2.13, the chemical shift of the various aromatic peaks have been correlated with the 
position of the equilibrium with regards to protonation. The chemical shifts for four selected 
peaks (peaks labelled 1-6 from right to left according to Figure 2.12) were found to vary 
linearly with increasing DCl addition (i.e. protonation) up to 1.5 equivalents (Figure 2.13). 
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Figure 2.13: Graph showing the linear correlation between chemical shift and amount of protonation of 8. 
 
This data can be used to estimate the position of the protonation equilibrium after the addition 
of methanol to complex 8 shown in Figure 2.12. The equilibrium position for the addition of 
excess methanol varies slightly depending on which peak is considered, with a range between 
0.11 equivalents of “protonation” for peak 1 to 0.26 equivalents for peak 5. This is likely due 
to the equilibrium being complicated in the methanol case by hydrogen bonding interactions 
and the lack of entirely discrete and separate species, which affects the chemical shifts of 
some environments more than others. The downfield shift upon addition of methanol implies 
a small degree of protonation of 8 by the weakly acidic methanol and shows that precipitation 
as a result of protonation in methanol solutions is likely to be kinetic due to the insolubility of 
complex 7. Based on the average degree of protonation of complex 8 by the excess methanol, 
the chemical shift changes suggest a pKaH range for complex 8 of between 27.1 and 28.0 in 
dmso (Appendix C). This would mean that the oxy groups in 8 should be slightly less basic 
than an alkoxide (methanol has a pKa of 29.0 in dmso, ethanol 29.8), but significantly more 
basic than an amine.
45-46
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2.3.1.6 Attempted reactions with H2 and CO/H2 
The purpose of placing basic groups on the ligand is to facilitate the reaction of the complex 
with hydrogen to give reduction to a formyl complex or further reduced species (Scheme 
2.12). The reaction with hydrogen was investigated for complex 7 and complex 8. 
Deprotonation will decrease the electrophilicity of the carbonyl carbon at the same time as 
increasing the basicity of the pendant group, potentially making the protonated complex more 
active towards hydrogen. This competition between electrophilicity of the carbonyl ligand 
and basicity of the pendant group has recently been investigated by Bercaw et al. for rhenium 
carbonyl complexes.
47
 
 
 
Scheme 2.12: The proposed reaction of complex 8 with hydrogen to give a formyl complex. 
 
A d6-dmso solution of 7 was added to a thick-walled NMR tube and after degassing, 
pressurised to 6 bar with H2 gas. There was no initial reaction observed by 
1
H NMR 
spectroscopy and after 72 hours heating at 100 °C, only complex 7 and H2 were observed in 
the 
1
H NMR spectrum. After storing the sample at room temperature for several weeks, there 
did appear to be a slow reaction occurring, with three hydride peaks at around −18 ppm in the 
1
H NMR spectrum. Ruthenium hydride carbonyl clusters, such as Ru4H4(CO)12 formed by the 
reaction of Ru3(CO)12 with H2, are known to have similar chemical shifts and are possible 
products. The peaks in this region of the 
1
H NMR spectrum were however very small relative 
to the signals from complex 7, and so this very slow reaction of 7 with H2 was not 
investigated further. 
The NMR scale reaction of 8 with H2 in d6-dmso showed no reaction after 3 days at room 
temperature as well as after 20 hours at 100 °C. There was also no reaction observed when 
the complex in d6-dmso was subjected to 50 bar of H2 at room temperature in a Parr reactor 
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for 150 minutes. At 70 bar of H2 or CO/H2(1:3) and heating to 120 °C in a Parr reactor for 18 
hours there was also no reaction observed or decomposition of 8, showing the high thermal 
stability of the complex and its lack of reactivity towards H2. 
The reaction of a carbonyl complex with hydrogen to form a formyl species is a balance 
between the basicity of the pendant donor group and the electrophilicity of the carbonyl 
carbon. Due to the apparently high basicity of the pendant group in complex 8, it is possible 
that the electron rich metal centre results in an electron rich, non-electrophilic carbonyl 
carbon centre, preventing reaction with hydrogen. It is also possible that the reaction shown 
in Scheme 2.12 occurs at high pressures, but reverses to release hydrogen as soon as the 
pressure is released, though no evidence for this was observed. 
2.3.1.7 Reaction of complex 8 with MeI 
To investigate the reactivity of complex 8, the reaction of the deprotonated sites as 
nucleophiles instead of bases was considered. The complex was shown to react with methyl 
iodide in dichloromethane to give the disubstituted methyl ether complex 9 (Scheme 2.13). 
 
 
Scheme 2.13 
 
The reaction was also conducted in d2-DCM, and monitoring the reaction by 
1
H NMR 
spectroscopy first shows conversion to a species presumed to be the monosubstituted 
complex, followed by clean and full conversion to the disubstituted complex (Figure 2.14). 
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Figure 2.14: 
1
H NMR spectra showing the aromatic region for the reaction of complex 8 with methyl iodide in 
d2-DCM at room temperature. 
Unfortunately, complex 9 could not be isolated and fully characterised as it proved to be 
inseparable from the tetrabutylammonium iodide by-product by washing or crystallisation. 
 
2.3.2 Ruthenium complexes of 6,6’-diamino-2,2’-bipyridine 
The target complex for 6,6’-diamino-2,2’-bipyridine (dabipy) was the bis-bipyridyl 
ruthenium(II) carbonyl complex (Figure 2.15). 
 
Figure 2.15: Target ruthenium-dabipy complex. 
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2.3.2.1 Attempted synthesis of [RuCl2(dabipy)2] 
A similar synthetic pathway as described in Section 2.3.1 was attempted, using dabipy 
instead of dhbipy, in order to obtain the target complex. The reaction with dabipy analogous 
to the preparation of [RuCl2(bipy)2] in DMF was found to give an impure product containing 
what was identified as 10, [RuCl(dabipy)2(CO)]Cl (Scheme 2.14).
28
 Complex 10 was 
characterised by the strong IR stretch at 1957 cm
−1
 and a peak in the mass spectrum 
consistent with the molecular cation. Twelve resonances in the aromatic region in the 
1
H 
NMR spectrum could be identified as would be expected for the two inequivalent and 
unsymmetrical dabipy ligands, though the complex proved difficult to purify and multiple 
attempts by washing and crystallisation were unsuccessful. 
 
Scheme 2.14 
The route used in Section 2.3.1.1 to successfully synthesise [RuCl2(dhbipy)2], using ethylene 
glycol as the solvent, was also attempted but was found to produce an inseparable mixture of 
[RuCl2(dabipy)2] and [RuCl(dabipy)2(CO)]Cl. Varying the reaction temperature of the 
reaction as in Section 2.3.1.1 was not found to give a pure product of either the carbonyl or 
dichloride complex in the case of dabipy. 
2.3.2.2 Attempted direct synthesis of ruthenium carbonyl complexes of 6,6’-diamino-
2,2’-bipyridine 
Similar to the dhbipy carbonyl complex 7 (Section 2.3.1), the direct synthesis of ruthenium 
carbonyl complexes of dabipy was investigated. Two different reactions were performed, the 
reaction of dabipy with ruthenium trichloride under CO pressure and also the reaction of 
dabipy with triruthenium dodecacarbonyl. 
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The reaction of dabipy with ruthenium trichloride in methanol under CO pressure (as for 
dhbipy in Section 2.3.1.3) was found to give a mixture of products along with some 
remaining free dabipy. Attempting to use the impure products from the previous section in 
place of ruthenium trichloride and dabipy were equally unsuccessful. 
The reaction of dabipy with triruthenium dodecacarbonyl was also investigated, but a single 
product could not be isolated. In the literature there are several examples of reactions of 
amino pyridines and other substituted pyridyl ligands with triruthenium dodecacarbonyl. 
These reactions usually produce clusters, often with NH or CH bond activation at the 
ligand.
41, 48-51
 Two examples of clusters formed via NH activation of 2-aminopyridines in the 
reaction with triruthenium dodecacarbonyl are shown in Figure 2.16.  
 
 
Figure 2.16: The structures of two clusters found by Cabeza et al., obtained from the reaction of 
2-aminopyridines with Ru3(CO)12 (carbonyl and hydride ligands on complex b are omitted for clarity).  
 
An X-ray crystal structure of a product isolated from the reaction of dabipy with triruthenium 
dodecacarbonyl was also obtained, which shows a cluster complex involving 6 ruthenium 
centres, terminal and bridging carbonyl ligands and a dabipy ligand coordinated to one 
ruthenium and bridging the central plane of ruthenium centres (Figure 2.17). This structure is 
not surprising given its similarity to the structure of 2-aminopyridine complex b shown in 
Figure 2.16. 
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Figure 2.17: Crystal structure showing the cluster obtained from the reaction of dabipy and triruthenium 
dodecacarbonyl. 
This structure does not necessarily reflect the bulk sample and, as has been seen previously, 
multiple cluster structures are possible. It is possible that the uncoordinated amino group on 
the dabipy ligand could also undergo NH activation and lead to larger clusters. It is therefore 
likely that in the reactions performed, including the reaction in methanol under CO pressure 
where triruthenium dodecacarbonyl is likely formed in situ, several clusters are formed, 
making the isolation of a single complex difficult. 
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2.3.3 Iron complexes of 6,6’-dihydroxy-2,2’-bipyridine 
As an active Fisher Tropsch catalyst, iron is a good candidate for a homogeneous syngas 
conversion catalyst and it was decided to attempt the synthesis of iron bipyridyl carbonyl 
complexes in addition to ruthenium. 
2.3.3.1 Attempted synthesis of iron carbonyl complexes 
The target was initially to synthesise iron(0) complexes by the reaction of the ligand with an 
iron(0) carbonyl starting material. The available iron(0) carbonyls that can be used are 
Fe(CO)5, and the less stable Fe2(CO)9 and Fe3(CO)12. Attempts to react these compounds 
with dhbipy in toluene or THF at room or elevated temperature were unsuccessful, usually 
resulting in decomposition to iron metal. 
Attempts were also made to use trimethylamine N-oxide to oxidise and remove a carbonyl 
ligand from the starting complex, followed by reaction with the ligand.
52
 Despite this extra 
step, the desired complexation was not observed after several attempts. Using the silyl 
protected dhbipy ligand L2 in place of dhbipy also failed to enable complexation to the 
iron(0) carbonyl starting materials. 
2.3.3.2 Synthesis of [FeCl2(6,6′-bis(tert-butyl-dimethylsiloxy)-2,2′-bipyridine)] 
Both dhbipy and silyl protected dhbipy L2 were reacted with anhydrous iron(II) chloride. The 
reaction with dhbipy was found not to work, either at room temperature or elevated 
temperature in THF, or in hot n-butanol as has been used in the literature.
53
 However, using 
the silyl protected ligand L2 gave successful complexation to give the paramagnetic iron(II) 
complex 11 (Scheme 2.15). 
 
 
Scheme 2.15: The synthesis of [FeCl2(6,6′-bis(tert-butyl-dimethylsiloxy)-2,2′-bipyridine)]. 
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Complex 11 shows paramagnetic shifts in the 
1
H NMR spectrum with three aromatic 
resonances observed as broad peaks at around 63, 62 and −17 ppm and the silyl group 
environments at around −4 and −10 ppm (Figure 2.18). The ESI mass spectrum showed 
peaks for the complex minus one chloride ligand. The composition was also confirmed by 
elemental analysis. 
 
 
Figure 2.18: 
1
H NMR spectrum (C6D6) at room temperature showing the broad paramagnetic resonances of 
complex 11. 
 
Following the synthesis of complex 11, several attempts were made to remove the silyl 
protecting groups from the complex. Using hydrolysis in wet acetone or methanol, as has 
been used to deprotect the same ligand upon coordination, resulted in decomposition of the 
complex.
1
 The use of tetrabutylammonium fluoride to perform the deprotection was also 
investigated but did not give satisfactory results and so the complex was not investigated 
further.   
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2.4 Summary and conclusions 
Several novel complexes of ruthenium and iron with bipyridyl ligands bearing basic 
backbone groups have been synthesised and characterised. 
The synthesis of a ruthenium (II) bis-dhbipy complex was found to be temperature 
dependant. At 125 °C a ruthenium (II) bis-dhbipy dichloride complex is obtained, while at 
150 °C a chloride ligand is displaced by a carbonyl ligand. The CO is believed to be formed 
as a result of solvent oxidation and decomposition, potentially catalysed by the ruthenium 
complex. The ruthenium(II) bis-dhbipy dichloride complex reacts with CO to give a 
dinuclear complex with bridging ligands, a metal-metal bond and two ruthenium(I) centres. 
This complex can also be synthesised by the direct reaction of ruthenium trichloride with 
dhbipy under CO pressure, or by the reaction of dhbipy with triruthenium dodecacarbonyl.  
Ruthenium complexes of  6,6’-dihydroxy-2,2’-bipyridine show multiple intermolecular 
hydrogen bonding interactions, leading to extended chains of molecules in the solid state. 
This strong hydrogen bonding may also account for the very low solubility of these 
complexes in common solvents, with the exception of dimethylsulfoxide and 
dimethylformamide. The dinuclear ruthenium (I) complex was deprotonated, breaking the 
intermolecular hydrogen bonds and increasing its solubility, suggesting that the hydrogen 
bonding is responsible for the low solubility of this complex.  
The deprotonated dinuclear ruthenium (I) dhbipy carbonyl complex shows fluxionality when 
partially protonated and can be reversibly protonated and deprotonated without any 
observable decomposition. Estimates of the basicity of the deprotonated oxy groups have 
shown them to be of similar strength to alkoxide bases. The complex does not react with 
hydrogen, even under high pressure and temperature conditions. The lack of electrophilic 
carbonyl carbon centres, resulting from the increased donation of electron density onto the 
metal centres after deprotonation, could contribute towards the non-reactivity towards 
hydrogen, despite the increase in basicity. The complex reacts with methyl iodide, 
methylating the deprotonated oxy groups and showing that they can act as nucleophiles in 
addition to acting as bases.  
Ruthenium carbonyl complexes of 6,6’-diamino-2,2’-bipyridine have also been investigated, 
though problems with their synthesis prevented further investigation. The solid state structure 
of a product obtained from the reaction of dabipy with triruthenium dodecacarbonyl shows 
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NH activation and cluster complex formation. Similar complexes in the literature have shown 
that multiple structures are possible and this could contribute to the problematic isolation of a 
single complex.   
A novel iron(II) complex bearing the silyl protected analogue 6,6′-bis(tert-butyl-
dimethylsiloxy)-2,2′-bipyridine has been synthesised, though its investigation was 
problematic due issues in deprotecting the hydroxyl groups. Attempts to synthesise an iron 
complex directly from a reaction with unprotected dhbipy were not successful. 
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3.1 Introduction 
Pincer complexes are widely used in organometallic chemistry and catalysis partially due to 
the stability with regard to ligand dissociation that is offered by tridentate binding of the 
ligand to the metal centre.
1-3
 As discussed in Chapter 1, since Milstein et al. demonstrated the 
activation of hydrogen by a dearomatised pincer complex, complexes of a similar type have 
been found to be highly effective in various catalytic transformations including the oxidation 
of alcohols, the activation and coupling of amines and for the hydrogenation of organic 
carbonyl compounds (Figure 3.1).
4-9
 These catalysts operate under relatively low pressure 
conditions of around or under 10 bar and at temperatures around 100 °C, achieving 
selectivities and conversions in excess of 95% in less than 10 hours. These reactions can also 
be performed under neutral conditions without additives or promoters. 
 
Figure 3.1: Examples of dearomatised ruthenium pincer complexes that are able to activate hydrogen. 
These complexes can activate hydrogen heterolytically via the basic functionality on the 
ligand, generated by deprotonating an arm of the pincer ligand (Scheme 3.1). The trans-
dihydrides formed by the reaction with hydrogen are strong hydride donors and such 
complexes would be good targets for syngas conversion. Carbonyl complexes of these 
ligands can potentially be active towards hydrogen to directly reduce CO or, indirectly, to 
activate hydrogen and reduce CO at a different complex. This chapter describes the synthesis 
and investigation into the reactivity of novel pincer complexes with basic functionality on the 
ligand backbone. 
 
Scheme 3.1: Deprotonation of the ligand generates a five coordinate complex, able to heterolytically activate 
hydrogen. 
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3.2 Ligand synthesis 
The ligands discussed in this chapter are PNP and PCP pincer ligands, with nitrogen linkers 
between the respective pyridyl or phenyl ring and the phosphine arms (Scheme 3.2). In 
addition, an amino-functionalised terpyridine has also been investigated. These ligands can 
be deprotonated after they are coordinated to a metal centre, and thereby facilitate the 
heterolytic activation of hydrogen in a similar way as shown in Scheme 3.1. The nitrogen 
linkers, when deprotonated, can be expected to be less basic than the carbon linker in the 
complexes shown in Figure 3.1 but the basicity is expected to be sufficient for hydrogen 
activation. The increased acidity of the amine relative to a methylene linkage may be 
advantageous as the complex must deliver protons as well as hydrides in order to reduce CO. 
These PNP and PCP ligands have previously been used in the synthesis of many transition 
metal complexes, with applications including coupling reactions and hydrogen activation.
10-14
 
PNP ligands L4-6 and PCP ligands L7-9 were synthesised according to a literature procedure 
or a modification thereof, as shown in Scheme 3.2.
10-11
 
 
 
Scheme 3.2: Synthesis of PNP and PCP ligands. 
 
Attempts were also made to synthesise similar PNN ligands based on 6,6'-diamino-2,2'-
bipyridine (dabipy) and 6,6'-dihydroxy-2,2'-bipyridine (dhbipy) (Figure 3.2). It has been 
shown in the work of Milstein et al. that having an amine or pyridyl donor in place of one of 
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the phosphine arms can improve the hydrogenation ability of ruthenium complexes, 
particularly towards difficult substrates such as esters.
4, 7, 15
 The ligand based on dabipy could 
potentially be deprotonated at multiple sites, which may lead to different reactivity compared 
to the PNP and PCP ligands. 
 
Figure 3.2: PNN ligand targets based on dabipy and dhbipy. 
For both dabipy and dhbipy, the reaction with one equivalent of a base and a dialkyl 
chlorophosphine proved to be unselective, giving mixtures of the mono and disubstituted 
compounds along with other unidentified by-products. Reactions were attempted in toluene 
or THF using several different bases (
n
BuLi, NEt3, LiN(SiMe3)2) along with either diphenyl 
or di(tert-butyl)chlorophosphine. The low solubility of dabipy and dhbipy may be causing 
problems for this synthetic route in that when a single alkyl phosphine is attached, the 
compound becomes much more soluble and reacts again much more quickly than the starting 
compound. Attempts to synthesise the disubstituted PNNP compounds did not give clean 
products, which suggests there may be other complications with this synthetic route. 
An NNN pincer ligand with basic functionality could also be effective and 6,6”-diamino-
2,2’:6’,2”-terpyridine (daterpy) (L10) was selected, with two amine groups that can be 
deprotonated. L10 was synthesised from dibromo terpyridine according to Scheme 3.3.
16
 
 
Scheme 3.3: The synthesis of 6,6”-diamino-2,2’:6’,2”-terpyridine. 
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3.3 Synthesis and reactivity of complexes 
3.3.1 Ruthenium PNP complexes 
A schematic overview of the ruthenium(II) PNP complexes prepared in this study and their 
possible reactivities towards hydrogen and CO are shown in Scheme 3.4. A five coordinate 
complex B can activate hydrogen as described for the pincer complexes in Section 3.1 to 
generate a trans-dihydride complex C. The six coordinate dicarbonyl complex D may also be 
able to activate hydrogen heterolytically to directly generate a formyl complex E. 
 
 
 
Scheme 3.4: Heterolytic activation of hydrogen to give a trans-dihydride complex or CO reduction from a 
dicarbonyl complex. 
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3.3.1.1 Synthesis of ruthenium(II) PNP hydridochloro carbonyl complexes 
The ligand L4 was reacted with the ruthenium(II) precursor [RuHCl(CO)(PPh3)3] in refluxing 
THF for 3 hours to give a yellow complex 12 in 85 % yield (Scheme 3.5). The complex is 
soluble in polar organic solvents and partially soluble in aromatic solvents. 
 
 
Scheme 3.5: Synthesis of [RuHCl(CO)(L4)]. 
 
The 
1
H NMR spectrum of complex 12 in d4-methanol shows the aromatic protons as a 
doublet at 6.5 ppm and a triplet at 7.5 ppm, in a 2:1 ratio as expected for the Cs symmetry of 
the complex. The characteristic hydride signal appears at −24.1 ppm as a triplet due to 
coupling with the two phosphorus atoms (
2
JHP = 18.0 Hz). If d6-benzene or CDCl3 are used 
instead of d4-methanol, the two NH protons are observed as a broad singlet in the 
1
H NMR 
spectrum. The proton coupled 
31
P NMR spectrum shows one doublet due to the hydride 
coupling at 134 ppm, again consistent with the symmetry of the complex. The IR spectrum of 
12 shows a carbonyl stretching band at 1936 cm
−1
 for the single carbonyl ligand, and the 
ruthenium hydride stretch is visible at 2113 cm
−1
. While this work was in progress, the 
synthesis of complex 12 was also reported by Huang and co-workers.
17
  
The synthesis of the iso-propyl and phenyl complexes proved to be more difficult than the 
tert-butyl complex (Scheme 3.6). The reaction of PNP-
i
Pr (L5) with [RuHCl(CO)(PPh3)3] in 
refluxing THF led to a mixture of [RuH(CO)(PPh3)(L5)]Cl, [RuHCl(CO)(L5)] and other 
unidentified by-products. PNP-Ph (L6) similarly reacted with [RuHCl(CO)(PPh3)3] in 
refluxing THF to give [RuH(CO)(PPh3)(L6)]Cl with some unidentified impurities.  
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Scheme 3.6: The reactions of iso-propyl and phenyl PNP ligands with [RuHCl(CO)(PPh3)3]. 
The difference in reactivity to L4 is likely due to steric effects, with the bulky tert-butyl 
groups being large enough to displace all of the triphenylphosphine ligands to form 
complex 12. Attempts to displace the triphenylphosphine ligand in the complexes formed 
with the iso-propyl and phenyl ligands by removal of the triphenylphosphine from the reation 
mixture and refluxing in THF were not successful and these complexes were not investigated 
further. 
3.3.1.2 Deprotonation of [RuHCl(CO)(L4)] and reaction with H2 
The reaction of complex 12 with potassium tert-butoxide at room temperature in THF 
resulted in the clean formation of five coordinate complex 13 (Scheme 3.7). Complex 13 is 
considerably more soluble than complex 12, and is soluble in most common organic solvents 
but sparingly soluble in hydrocarbon solvents. 
 
 
Scheme 3.7: Deprotonation of [RuHCl(CO)(L4)] to form five coordinate complex 13. 
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The 
1
H NMR spectrum of 13 in d6-benzene shows the loss of symmetry in the molecule, 
displaying two doublets and a triplet for the three aromatic proton environments (Figure 3.3). 
The hydride signal is shifted upfield compared to complex 12 to − 25.9 ppm and appears as a 
triplet (
2
JHP = 16.4 Hz). The 
31
P{
1
H} NMR spectrum also reflects the lack of symmetry, 
showing two doublets at 128.2 and 130.7 ppm for the two phosphorous environments (
2
JPP = 
220 Hz). 
 
 
Figure 3.3: 
1
H NMR spectra at 298 K of a) complex 12 in d4-methanol (*), b) complex 13 in d6-benzene (**). 
# = H2O.  
The FTIR spectrum of 13 shows a single carbonyl stretch at 1885 cm
−1
, 50 wavenumbers 
lower than for complex 12 as a result of increased back-bonding from the metal centre. 
Complex 13, which is red, was also characterised by 
13
C NMR spectroscopy, mass 
spectrometry and elemental analysis. While this work was in progress, Huang and co-workers 
reported complex 13 as a brown-red solid.
17
 We observed that the complex slowly 
decomposes at room temperature under inert atmosphere, turning from red to brown on a 
timescale of several months, though when stored in a freezer this decomposition is not 
observed. 
The reaction between 13 and H2 (5 bar) was conducted at room temperature in d6-benzene 
and monitored by 
1
H and 
31
P NMR spectroscopy. Immediately after the addition of hydrogen, 
a triplet was observed in the 
1
H NMR spectrum at −5.3 ppm (2JHP = 18.7 Hz), indicating 
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heterolytic hydrogen cleavage and the formation of trans-dihydride complex 14 
(Scheme 3.8). The aromatic protons of complex 14 appear as a triplet and a doublet in a 1:2 
ratio in the 
1
H NMR spectrum, confirming the higher symmetry of complex 12 compared to 
13. A singlet in the 
31
P{
1
H} NMR spectrum at 156.2 ppm also supports this symmetry. After 
1 hour, there was only 1 % conversion to complex 14, but after 4 days at room temperature 
this had increased to 10 %. Heating at 60 °C for 30 minutes resulted in a further increase in 
the ratio of complex 14 to complex 13, though comparison with the intensity of the residual 
solvent signal implies that this could be due to decomposition of 13 rather than further 
reaction with H2. 
 
 
Scheme 3.8: The heterolytic activation of hydrogen by complex 13. 
 
Repeating the experiment above with D2 instead of H2 resulted in a gradual reduction in 
intensity of the hydride signals and the NH signals relative to the aromatic proton signals in 
the 
1
H NMR spectrum. This indicates that the hydrogen activation is reversible and there is 
an equilibrium between complexes 13 and 14 in solution under H2. The direct synthesis of 
complex 14 was attempted by reacting complex 12 with sodium triethylborohydride in 
toluene. However, the major product of the reaction was complex 13, probably formed by the 
spontaneous loss of H2 from complex 14.  
3.3.1.3 Synthesis  and  reactivity of [RuH(CO)2(PNP-
t
Bu)] 
The reaction of complex 13 with CO (1 bar) at room temperature in d6-benzene immediately 
resulted in a colour change from red to pink/orange and the formation of ruthenium(II) 
dicarbonyl complex 15. Complex 15 was also synthesised by the reaction of three equivalents 
of L4 with [Ru3(CO)12] in toluene at 110 °C, resulting in oxidative addition of the ligand to a 
Ru(0) centre (Scheme 3.9).  
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Scheme 3.9: Synthesis of [RuH(CO)2(PNP-
t
Bu)]. 
 
The 
1
H NMR spectrum of complex 15 in d6-benzene is similar to the spectrum of complex 
13, showing three signals for the protons on the ring due to the C1 symmetry of the molecule 
(Figure 3.4). However, unlike complex 13 the signals for the protons in the 3 and 5 positions 
on the ring and the tert-butyl groups are broad, indicating fluxionality (see Section 3.3.1.4). 
The hydride signal at − 6.1 ppm appears as a triplet (2JHP = 19.1 Hz) and is shifted 
significantly downfield compared to complexes 12 and 13 due to the trans effect of the 
carbonyl ligand. 
 
Figure 3.4: 
1
H NMR spectra of [RuH(CO)(PNP-
t
Bu)] and [RuH(CO)2(PNP-
t
Bu)] in d6-benzene at 298 K. 
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The 
31
P{
1
H} NMR spectrum of complex 15 in d6-benzene at room temperature shows two 
doublets at 135.2 and 140.9 ppm (
2
JPP = 190 Hz), also broadened due to the fluxionality of 
the complex. There are two peaks at 1989 and 1940 cm
−1
 in the FTIR spectrum of 15, 
assigned as the symmetric and asymmetric CO stretches. Complex 15 was also characterised 
by 
13
C NMR spectroscopy, mass spectrometry and elemental analysis. 
Pressurising a d8-toluene solution of complex 15 with H2 (6 bar) did not produce a reaction 
after 48 hours at room temperature or after 30 minutes at 60 °C. It seems likely that at this 
pressure of hydrogen the CO ligand cannot be displaced to enable hydrogen activation 
(Scheme 3.10). Higher pressures of hydrogen may enable the displacement of CO and 
facilitate hydrogen activation, however this could not be monitored using NMR spectroscopy. 
There was also no evidence observed for direct hydrogen activation at complex 15 to give a 
formyl complex as proposed in Section 3.1.1. This could be due to the deprotonated ligand 
being too electron donating which leads to less electrophilic carbonyl ligands. Reacting 
complex 15 with CO/H2 (1:3, 50 bar) at 120 °C for 16 hours in THF and analysing the 
resultant solution by NMR spectroscopy and gas chromatography showed no evidence of CO 
reduction products. 
 
 
Scheme 3.10: Proposed inhibition of H2 activation by CO in complex 15. 
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The reaction of [Ru3(CO)12] with a PNP ligand results in the formation of [RuH(CO)2(PNP)] 
complexes, providing a potential alternative pathway to synthesise ruthenium(II) carbonyl 
complexes of the iso-propyl and phenyl ligands L5 and L6. However, reacting either L5 or 
L6 with [Ru3(CO)12] in refluxing toluene resulted in a complicated mixture of products. 
3.3.1.4 Fluxional behaviour of [RuH(CO)2(PNP-
t
Bu)] 
The fluxional behaviour of complex 15 in solution was investigated by variable temperature 
1
H and 
31
P NMR spectroscopy in d8-toluene (Figure 3.5). At 213 K the broad peaks are better 
resolved, though not completely sharp. Increasing the temperature results in further 
broadening and coalescence of the tert-butyl groups at 373 K (maximum measured 
temperature. The 
31
P NMR spectra show two sharp doublets at low temperature and two 
broad doublets at higher temperatures, but no coalescence is observed up to 373 K.  
 
373 K
333 K
293 K
253 K
213 K
 
Figure 3.5: Variable temperature 
1
H NMR spectra of [RuH(CO)2(PNP-
t
Bu)] in d8-toluene. 
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In the 
1
H NMR spectra, the triplet at 6.7 ppm (proton in the 4 position on the ring) and the 
hydride triplet at −6 ppm are sharp signals at all measured temperatures. The fluxionality is 
proposed to involve proton transfer from one arm of the ligand to the other, interconverting 
between the two enantiomers of complex 15 (Scheme 3.11). No evidence was observed for 
intermediate species that could be involved, for example a dihydrogen complex or also the 
proton on the central pyridyl nitrogen. The equilibrium could involve an intermediate such as 
ruthenium(0) complex 15', which would be short-lived and not observable on the NMR 
timescale (Scheme 3.11). The 
1
H and 
31
P NMR spectra of complex 15 were measured in 
d4-methanol, where complete coalescence was observed for the broad peaks seen in the 
aromatic solvents (Figure 3.5). This indicates that the fluxional process is likely to be the 
proposed proton exchange, with methanol facilitating the fast proton transfer from one arm of 
the ligand to the other. 
 
 
Scheme 3.11: Proposed equilibrium between 15 [RuH(CO)2(PNP-
t
Bu)] and 15' [RuH(CO)2(PNP-
t
Bu)] 
responsible for proton exchange in d6-benzene. 
 
The free energy of activation (ΔG‡) for the exchange process can be calculated from the 
NMR spectrum using Equation 3.1, wherein R is the gas constant (8.314 J mol
−1
), Tc is the 
coalescence temperature, and Δν is the difference in chemical shift between the exchanging 
environments.  
                      ΔG‡ = RTc [22.96 + ln (Tc/Δν)]              3.1 
The resolved tert-butyl signals are separated by 244 Hz (Δν) at 193K in the 1H NMR 
spectrum, and coalesce at 373 K (Tc). This results in an estimated free energy of activation of 
73 kJ mol
−1
. 
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3.3.1.5 Instability and UV/Vis analysis of [RuH(CO)2(PNP-
t
Bu)] 
Solutions of complex 15 were found to change colour from pink/orange to green upon 
standing at room temperature for several days under nitrogen. The 
1
H and 
31
P NMR spectra in 
d6-benzene, d8-toluene or d2-DCM showed no change on this timescale apart from further 
broadening of the fluxional environments described in section 3.3.1.4. Mass spectra and FTIR 
spectra of complex 15 before and after the colour change are unchanged, and along with the 
NMR spectra indicate that there is not a major change in the structure of the complex.  
The colour change was investigated using UV/Vis spectroscopy. The UV/Vis spectrum of a 
0.25 mM solution of complex 15 in DCM was measured at several time intervals and the 
results are plotted in Figure 3.6. 
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Figure 3.6: UV/Vis absorbtion spectra of complex 15 in DCM (0.25mM) at 298 K. 
 
The spectra show a reduction in the absorbance of the peak at 362 nm (species A, 
ε = 5600 M−1 cm−1) with time and an increasing peak at 328 nm (species B, ε = 4800 
M
−1
 cm
−1
). This demonstrates that there is a slow change occurring in the electronic 
properties of complex 15 in solution. The π acceptor ligands on complex 15 make it likely 
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that the observed absorbances are metal to ligand charge transfer (MLCT) transitions. There 
is an isosbestic point at 341 nm implying that there is a simple conversion of species A to 
species B. Equilibrium is established in approximately 3 hours, as there is no further increase 
in the intensity of the signal at 328 nm, and the equilibrium constant for the interconversion 
of species A and B at 298 K is estimated to be around 0.4.  
One possible explanation for the formation of a new species could be slow dimerisation of 
the complex or aggregation as a result of intermolecular hydrogen bonding. This would alter 
the electron density on the ligand and could result in the observed change in the UV/Vis 
absorbance. The increased concentration of hydrogen bonded molecules would also affect the 
proton exchange and result in the observed increased signal broadening in the 
1
H NMR 
spectrum.  
3.3.1.6 Synthesis and characterisation of [RuH(CO)2(PNP-
t
Bu)][BAr
F
24] 
[RuH(CO)2(PNP-
t
Bu)] was protonated with the strong acid ([H(OEt2)2]
+
[B(C6H3(CF3)2)4]
−
) in 
THF at room temperature to generate cationic complex 16 (Scheme 3.12).
18
 A cationic 
complex would not be expected to act as a hydride donor, but could potentially protonate a 
substrate. The 
1
H NMR spectrum of complex 16 in d5-chlorobenzene indicates that 
protonation occurs at the nitrogen atom on the arm of the ligand, resulting in a single signal 
for the NH environment, integrating as two protons. The symmetry of the complex is 
reflected in the single signal for the protons in the 3 and 5 positions on the ring and a singlet 
in the 
31
P{
1
H} NMR spectrum. The CO stretches in the FTIR spectrum are at 2017 and 1986 
cm
−1
, around 40 cm
−1
 higher than for the neutral complex 15 due to decreased back-bonding. 
Complex 16 was also characterised by 
13
C NMR spectroscopy, mass spectrometry and 
elemental analysis. 
 
 
Scheme 3.12: The synthesis of [RuH(CO)2(PNP-
t
Bu)][BAr
F
24]. 
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Crystals of complex 16 suitable for X-ray diffraction were obtained by slow diffusion of 
hexane into a benzene solution of the complex (Figure 3.7). The structure obtained showed 
disorder in the position of the ruthenium centre and was discovered to represent the complex 
in two overlapping orientations. This disorder prevented the hydride ligand from being 
resolved as it is obscured by the presence of the second ruthenium centre. The complex 
adopts a distorted octahedral geometry, with the large tert-butyl groups on the ligand pushing 
the phosphine arms away from the CO ligand towards the position of the smaller hydride 
ligand trans to it. The CO ligands are in a cis configuration as was indicated by the two 
ν(CO) bands in the FTIR spectrum. 
 
Figure 3.7: Molecular structures of complex 16, B(C6H3(CF3)2)4 anion and 
t
Bu carbon atoms are omitted for 
clarity. 
The method used to model the structure involved setting some bond lengths and angles as 
fixed values and as such, the exact values of the remaining bond lengths and angles are 
unreliable. The structure of the [B(C6H3(CF3)2)4]
−
 anion is well resolved and the disorder in 
the ruthenium complex is likely to be due to its smaller size allowing different orientations of 
the complex between the large anions. Despite this, the crystal structure gives confirmation of 
the general structure of the complex as indicated by other spectroscopic techniques. 
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3.3.2 Ruthenium PCP complexes 
Ruthenium PCP complexes have shown activity in C-H bond activation, transfer 
hydrogenation and acceptorless dehydrogenation.
19-24
 Complexes of the PCP ligands L7-9 
with similar structures to the PNP complexes in Section 3.3.1 could show similar reactivity 
towards hydrogen and CO. Complexes of these PCP ligands will have a deprotonated central 
carbon donor, and this could increase the hydride donor strength of such complexes, aiding 
the hydrogenation of CO or organic carbonyl substrates. 
3.3.2.1 Synthesis and characterisation of ruthenium PCP complexes 
For a metal to form a complex with a PCP ligand, the CH bond of the central carbon atom 
must be activated. Two ways in which this can be done are by direct CH bond activation at 
the metal centre, or by deprotonation with an external base. As discussed in Section 3.3.1.3, 
PNP ligand L4 reacts with [Ru3(CO)12], undergoing NH bond activation to form complex 15 
and this route was envisaged as a possible route to ruthenium(II) PCP complexes via CH 
bond activation. 
The tert-butyl PCP ligand L7 reacts with [Ru3(CO)12] in refluxing toluene to give the neutral 
ruthenium(II) dicarbonyl hydride complex 17 (Scheme 3.13). Complex 17 is assumed to be 
analogous in structure to the cationic PNP complex 16. 
 
 
Scheme 3.13: Synthesis of [RuH(CO)2(PCP-
t
Bu)]. 
 
In the 
1
H NMR spectrum of complex 17 (d6-benzene), the aromatic protons appear as a triplet 
and a doublet (
3
JHH = 7.7 Hz) at 6.98 and 6.26 ppm respectively, and there is a broad 
resonance at 3.93 ppm for the two NH protons. A singlet is observed at 148.4 ppm in the 
31
P{
1
H} NMR spectrum, reflecting the symmetry of the complex. The hydride proton appears 
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as a triplet at −7.69 ppm (2JHP = 21.1 Hz), upfield compared to the hydride signals for the 
analogous PNP complexes 15 and 16. The FTIR spectrum shows two ν(CO) bands at 1977 
and 1921 cm
−1
, indicating a cis carbonyl arrangement. The carbonyl stretches indicate 
increased back-bonding relative to complexes 15 and 16 and this implies that there is an 
increased amount of electron density at the metal in complex 17. Complex 17 was also 
characterised by mass spectrometry and elemental analysis. Attempts were made to 
deprotonate complex 17 with KO
t
Bu and generate an anionic complex, but no reaction was 
observed and this was not pursued further. 
Similar reactions with [Ru3(CO)12] were attempted with the iso-propyl and phenyl ligands L8 
and L9, but in both cases a clean reaction did not take place and a large number of side 
products were observed. This is likely to be due to CH activation on sites other than the 
carbon between the arms of the ligand. The large tert-butyl groups on the ligand L7 may also 
contribute to the selectivity of the reaction with [Ru3(CO)12] in that case. 
Attempts to synthesise other ruthenium PCP complexes by the reaction of L7 with the 
ruthenium (II) complex [RuHCl(CO)(PPh3)3] in THF were not successful. A hydride triplet 
was observed in the 
1
H NMR spectrum at −27.9 ppm, giving some indication of complex 
formation, but this was a very small amount (less than 1 %) compared to the starting 
materials and this was not investigated further. 
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3.3.3 Iron pincer complexes 
Iron pincer complexes have not been as widely used as ruthenium in the field of hydrogen 
activation and hydrogenation catalysis, but the desire to replace precious metals with cheaper 
first row metals has led to an increased interest in iron in recent years.
25
 Iron pincer 
complexes have been shown to be effective in the catalytic hydrogenation of substrates 
including the hydrogenation of esters, which was previously a field primarily associated with 
ruthenium catalysts.
14, 26-29
 
3.3.3.1 Attempted synthesis of iron PNP and PCP complexes 
The reaction of PNP and PCP ligands with iron(0) carbonyl complexes, [Fe(CO)5], 
[Fe2(CO)9] and [Fe3(CO)12] was proposed as a potential synthetic pathway. The reaction of 
tert-butyl ligand L4 with these iron complexes was attempted but did not give satisfactory 
results, resulting in decomposition to iron metal, as was observed in Section 2.3.3.1. The use 
of trimethylamine N-oxide to oxidise and remove a carbonyl ligand from these precursors 
was unsuccessful.
30
 Attempts were made to react tert-butyl and phenyl PCP ligands L7 and 
L9 with FeCl2 in THF but no reaction was observed to take place. Iron carbonyl complexes 
of the PNP ligands discussed in this chapter have been previously synthesised by Kirchner 
and co-workers via the reaction of the ligand with FeCl2, and subsequent reduction with 
NaHg or KC8. 
12, 31-34
 Considering this, the synthesis of iron PNP complexes via this route 
was not further investigated by us. 
 3.3.3.2. Synthesis and characterisation of [FeCl2(6,6”-diamino-2,2’:6’,2”-terpyridine)] 
6,6”-Diamino-2,2’:6’,2”-terpyridine (L10) and iron(II) chloride were stirred at room 
temperature in THF for 19 hours to give the red paramagnetic iron(II) complex 18 cleanly in 
69 % yield (Scheme 3.14). 
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Scheme 3.14: Synthesis of [FeCl2(6,6”-diamino-2,2’:6’,2”-terpyridine)]. 
The 
1
H NMR spectrum of 18 in d4-methanol shows five broad peaks for the protons on the 
aromatic rings, with a wide chemical shift range typical for a paramagnetic complex 
(Figure 3.8). Complex 18 was also characterised by mass spectrometry and elemental 
analysis. 
 
1
4
3,5
2
 
Figure 3.8: Paramagnetic 
1
H NMR spectrum of [FeCl2(6,6”-diamino-2,2’:6’,2”-terpyridine)] in d4-methanol at 
298 K.  
 
Attempts to generate basic functionality on the ligand of complex 18 by deprotonating in 
acetonitrile with potassium tert-butoxide were not successful and this complex was not 
investigated further. Reactions of L10 with ruthenium precursors [RuHCl(CO)(PPh3)3] and 
[Ru3(CO)12] were also attempted but no isolable complexes could be obtained.  
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3.4 Summary and conclusions 
This chapter has described the synthesis and characterisation of novel ruthenium(II) and 
iron(II) complexes of PNP, PCP and terpyridyl pincer ligands. 
Deprotonation of [RuHCl(CO)(PNP-
t
Bu)] (12) with KO
t
Bu results in the formation of the 
five-coordinate complex [RuH(CO)(PNP-
t
Bu)] (13). Complex 13 shows reversible 
heterolytic activation of hydrogen to give trans-dihydride complex [RuH2(CO)(PNP-
t
Bu)] 
(14) at room temperature and 6 bar hydrogen pressure, but the equilibrium position under 
these conditions lies towards the 5 coordinate complex. This is likely due to the increased 
acidity of the NH bond relative to the CH bond, which may be beneficial for the delivery of 
protons to a substrate in catalytic hydrogenation of CO or organic carbonyl compounds. 
[RuH(CO)(PNP-
t
Bu)] (13) reacts quantitatively with CO to form the dicarbonyl complex 
[RuH(CO)2(PNP-
t
Bu)] (15), which can also be synthesised directly by the reaction of the 
PNP-
t
Bu ligand with [Ru3(CO)12]. Complex 15 shows fluxionality in solution which was 
determined to be the result of  the NH proton exchanging between the two side arms of the 
PNP ligand. The complex shows decomposition in solution to give a colour change and a new 
species in the UV/Vis spectrum, though it was determined that there is not a significant 
change to the structure. Complex 15 does not react with hydrogen at 6 bar, which implies that 
the presence of CO will inhibit the activation of hydrogen by 13 and may reduce its efficacy 
in catalytic hydrogenation reactions. This is expected to be a problem for many 
hydrogenation catalysts as an electron rich complex which can act as a strong hydride donor 
is also likely to strongly bind CO.  
A ruthenium(II) PCP complex [RuH(CO)2(PCP-
t
Bu)] (17) was synthesised by the direct 
reaction of the ligand with [Ru3(CO)12]. Attempts to synthesise complexes of the iso-propyl 
and phenyl PCP ligands in this way were not successful and resulted in many side products, 
probably due to CH bond activation at several different sites and the lack of control offered 
by the large tert-butyl groups.  
Several attempts were made to synthesise ruthenium complexes of 6,6”-diamino-2,2’:6’,2”-
terpyridine but were not found to be effective. An iron complex [FeCl2(6,6”-diamino-
2,2’:6’,2”-terpyridine)] was synthesised and characterised but attempts to generate basic 
functionality on the ligand by deprotonation proved to be fruitless. 
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4.1 Introduction 
The reduction of carbon monoxide using hydrogen an most important step in a catalytic 
syngas conversion system. In the well established homogeneous catalytic hydrogenation of 
organic carbonyls, a common feature of catalysts is the ability to deliver hydrides and protons 
derived from the heterolytic activation of H2. The use of such catalysts for the reduction of 
activated (relatively electrophilic) CO at a transition metal "target" complex (Section 1.6) has 
not previously been reported and is investigated via NMR studies in Section 4.2. The CO 
tolerance of the hydrogenation catalyst systems in such reactions is of interest in any process 
where syngas conversion is the ultimate aim. The CO tolerance of homogeneous 
hydrogenation catalysts has previously been investigated in relation to reductive 
hydroformylation, which involves the hydrogenation of the intermediate aldehyde under 
H2/CO.
1-3
 Ester hydrogenation is another important reaction for indirect syngas conversion. 
Ethers can be carbonylated to esters, and alcohols can react with CO to give formate esters, 
which can then be hydrogenated to alcohols.
4-7
 Hydrogenation studies with syngas were 
performed and the results are detailed in Section 4.3.  
 
4.2  Hydrogenation of CO at transition metal complexes 
The reduction of activated CO to formyl at a metal carbonyl complex has been achieved 
using stoichiometric amounts of borohydride or transition metal hydride reagents 
(Section 1.3).
8-12
 Bercaw et al. reported the reduction of CO to methyl acetate using a 
platinum hydride and subsequent reactions with strong acids, though the incompatibility of 
the acids and hydride reagents prevented a single step or catalytic reaction.
13
 It was thought 
that hydrogenation catalysts, able to deliver both hydrides and protons in sequence, could 
provide an effective route for CO reduction, as was proposed in Section 1.6.  
4.2.1 Synthesis of complexes  
Two distinct types of complex were chosen for the following investigations: i) activated 
carbonyl complexes where the CO is reduced, and; ii) hydrogenation complexes for 
delivering hydrides and protons. The hydrogenation complexes used are shown in Figure 4.1.  
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Figure 4.1: Hydrogenation complexes for the delivery of hydrides and protons. 
Complexes 13, 16 and 17 were synthesised as reported in Chapter 3. The iridium(II) complex 
19 was synthesised via a literature procedure and was reported an active catalyst for CO2 
hydrogenation and the transfer hydrogenation of ketones.
14-15
 Complex 20 
[RuH(CO)(P(C)N(C)N)] was reported by Milstein et al. and is active for the hydrogenation 
of esters and other carbonyl substrates.
16-17
 The Shvo catalyst, complex 21, is an active 
catalyst for the hydrogenation of organic carbonyls and has shown activity in the 
hydrogenation of aldehydes under CO/H2.
1, 18
 Complexes 13 and 20 can activate hydrogen to 
generate an active hydride donor, while complexes 17, 19 and 21 are potential hydride donors 
in their initial state. Complex 16 could act in a reverse fashion to the other complexes by 
protonating first, followed by hydride donation.  
The activated carbonyl complexes must have electrophilic carbonyl ligands such that they can 
be easily reduced to formyl ligands. This is generally achieved by using cationic complexes 
and complexes with several carbonyl ligands, such that the metal centre is relatively electron 
deficient. The complexes used here are shown in Figure 4.2. 
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Figure 4.2: Activated CO complexes. 
Complexes 22 and 24 were synthesised according to literature procedures.
11, 19
 The synthesis 
of the formyl and hydroxymethyl complexes [Ru(CHO)(bipy)2(CO)] and 
[Ru(CH2OH)(bipy)2(CO)] from complex 22 with NaBH4 has been previously reported and 
the reaction with 4 equivalents of NaBH4 in acetonitrile/water was reported to produce 
methanol.
11, 20
 Complex 24 has been used in high pressure homogeneous syngas to 
oxygenates systems.
21-22
 Complex 23 was synthesised by a similar method to complex 22. 
The reaction of [RuCl2(bipy)2] under CO in water gives [Ru(bipy)2(CO)2]Cl2, which reacts 
with dimethylanilinium tetrakis(pentafluorophenyl)borate in a biphasic water/DCM mixture 
to give complex 23. Complex 23 is soluble in chlorobenzene and DCM compared to complex 
22, which is only soluble in more polar solvents such as acetonitrile. 
4.2.2 Reduction reactions with [Ru(bipy)2(CO)2](PF6)2 
The known reduction of coordinated CO to methanol with NaBH4 on complex 22 
[Ru(bipy)2(CO)2](PF6)2 was conducted in acetonitrile and for this reason, along with the poor 
solubility of this complex in less polar solvents, acetonitrile was the solvent chosen for our 
experiments. 
4.2.2.1 Reduction with [IrH3((
i
Pr2PC2H4)2NH)] 
Complex 19 [IrH3((
i
Pr2PC2H4)2NH)] is a strong hydride donor, as illustrated by its previously 
investigated reactivity with CO2.
15
 Therefore complex 19 was thought to be a suitable 
complex to use for direct stoichiometric reactions with an activated metal carbonyl complex. 
Complex 19  and complex 22 were dissolved in a 1:1 ratio in d3-acetonitrile at room 
temperature and the reaction was monitored by 
1
H and 
31
P NMR. The consumption of the 
starting materials and reduction of a carbonyl ligand on complex 22 were immediately 
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observed in the 
1
H NMR spectrum, a characteristic singlet at 13.9 ppm indicating the 
presence of formyl complex 22b (Scheme 4.1). 
 
Scheme 4.1: Reduction of [Ru(bipy)2(CO)2](PF6)2 to [Ru(CHO)(bipy)2(CO)](PF6) with [IrH3((
i
Pr2PC2H4)2NH)]. 
Free bipy was observed in the 
1
H NMR spectrum from the start of the reaction indicating 
some decomposition of complex 22b. A singlet at −11.4 ppm indicated the presence of the 
ruthenium(II) hydride complex [RuH(bipy)2(CO)] 22c.
23
 This complex is likely to result from 
the loss of CO from complex 22b, which is a known decomposition pathway for formyl 
complexes.
24
 Two 1:1 hydride multiplets at −20.2 and −22.3 in the 1H NMR spectrum 
indicated the formation of a single iridium dihydride complex, most likely 
[IrH2((
i
Pr2PC2H4)2NH)]
+
 19b' with a coordinated solvent molecule. There was no protonation 
of 22b observed in the 
1
H NMR or any evidence for further reduction products such as a 
hydroxymethyl complex or methanol. Repeating the above reaction with three equivalents of 
iridium complex 19 relative to ruthenium complex 22 did not result in any further reduction 
products being produced, with free bipy observed as the major decomposition product. In this 
reaction, and independently, it was observed that iridium complex 19 reacts with the 
d3-acetonitrile solvent to give a dihydride complex. This reaction was much slower than the 
fast reduction of the CO ligand to formyl observed in the above reaction. 
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4.2.2.2 Reduction with H2 using [RuH(CO)(PNP-
t
Bu)]  and [RuH(CO)(P(C)N(C)N)] 
Complex 13 was shown in Chapter 3 of this thesis to heterolytically activate hydrogen and 
complex 20 is known to activate hydrogen in a similar way.
25
 It was proposed that these 
complexes could heterolytically activate hydrogen to generate hydrides and protons which 
could be used to reduce CO at a metal complex. 
Complex 13 and complex 22 were dissolved in a 1:1 ratio in d3-acetonitrile and added to a 
high pressure NMR tube. There was no initial reaction between the two complexes, as 
observed in the 
1
H or 
31
P NMR spectra, though the hydride signal of complex 13 was 
observed at −14.5 ppm in the 1H NMR spectrum, compared to −25.9 ppm in d6-benzene. This 
indicated that acetonitrile coordinates at the vacant site of complex 13, trans to the hydride 
ligand (Scheme 4.2). 
Degassing the solution and pressurising with H2 (5 bar) did not initially result in any 
activation of hydrogen, or CO reduction to a formyl, with only starting materials observed in 
the  
1
H and 
31
P NMR spectra. This is not entirely surprising as the reaction of complex 13 
with hydrogen was found to be slow in benzene (Section 3.3.1.2) and with acetonitrile 
coordinating to the vacant site, the reaction with hydrogen will be inhibited. Despite the slow 
reaction with hydrogen, after 14 days at room temperature, the formation of a formyl 
complex 22b was observed in the 
1
H NMR spectrum. This is presumed to result from the 
activation of hydrogen by complex 13 to give a trans-dihydride complex 14, and subsequent 
hydride transfer to a carbonyl ligand on complex 22 (Scheme 4.2). Complex 14 is not 
observed in the 
1
H or 
31
P NMR spectra and is assumed to react quickly with complex 22, as 
was observed with iridium complex 19. The formyl complex 22b corresponds to less than 
5 % conversion of dicarbonyl complex 22. As formyl complex 22b is known to decompose at 
room temperature, it is likely that the decomposition of the formyl complex is fast compared 
to the activation of hydrogen by complex 13, preventing the build up of the formyl complex. 
The appearance of the formyl proton at 13.9 ppm in the 
1
H NMR spectrum was concurrent 
with the appearance of a triplet at −6.5 ppm, assigned to the cationic PNP complex 13b, 
probably with a coordinated acetonitrile ligand. There was no evidence of further reaction of 
the formyl complex to a hydroxymethyl complex or methanol in the 
1
H NMR spectrum, and 
after several weeks at room temperature the starting complexes were still largely unreacted. 
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Scheme 4.2: The reduction of a CO ligand to a formyl ligand, facilitated by in situ heterolytic hydrogen 
activation at complex 13. 
A similar experiment was conducted under hydrogen with P(C)N(C)N complex 20 and 
complex 22 in d3-acetonitrile, and a comparable outcome was obtained. As with complex 13, 
coordination of the solvent to complex 20 was observed and a small amount of reduction of 
the CO ligand on complex 22 to give formyl complex 22b was observed after several days at 
room temperature. As with the previous reaction, no further reduction of the formyl species 
was observed. 
The above reactions show evidence for the in situ hydrogen activation to reduce a carbonyl 
ligand at a metal complex to give a formyl complex. It is thought that the presence of 
acetonitrile inhibits the activation of hydrogen by complexes 13 and 20 and that better results 
may be achieved by the use of a non-coordinating solvent. 
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4.2.3 Reduction reactions with [Ru(bipy)2(CO)2][BAr
F
20]2 
To avoid the inhibition of in situ hydrogen activation by the solvent as described in Section 
4.2.2, and to avoid coordination of the solvent to the complexes, a less coordinating and more 
inert solvent was required. In the reduction of [Ru(bipy)2(CO)2](PF6)2 (22), the choice of 
solvent was largely dictated by the solubility of complex 22. It was proposed that complex 23 
[Ru(bipy)2(CO)2][B(C6F5)4]2 would provide greater solubility and allow the use of less 
reactive and coordinating solvents, an aromatic solvent for example. Complex 23 is insoluble 
in benzene or toluene but is soluble in chlorobenzene, which was chosen as a suitable solvent 
for subsequent reduction reactions. 
4.2.3.1 Reduction with [IrH3((
i
Pr2PC2H4)2NH)] 
The 1:1 reaction of [IrH3((
i
Pr2PC2H4)2NH)] (19) with [Ru(bipy)2(CO)2][B(C6F5)4]2 (23) was 
performed in d5-chlorobenzene at 253 K and monitored by 
1
H and 
31
P NMR spectroscopy 
(Scheme 4.3). The solvent was transferred under reduced pressure into an NMR tube 
containing complexes 19 and 23, and the tube with frozen solvent was then allowed to thaw 
and transferred to the NMR spectrometer at 253 K. Formyl complex 22b (analogous to the 
formyl complex 23b formed from complex 23) is known to decompose at room temperature 
and monitoring the reaction at low temperature could be advantageous. 
 
Scheme 4.3: Reduction of [Ru(bipy)2(CO)2][BAr
F
20]2 to [Ru(CHO)(bipy)2(CO)] [BAr
F
20] with 
[IrH3((
i
Pr2PC2H4)2NH)].  
The reaction of complexes 19 and 23 to give formyl complex 23b (structure as for 22b with a 
[B(C6F5)4]
−
 anion) was observed immediately at 253 K. The temperature was increased in 
increments of 10 K to 273 K, holding the temperature constant for 1 hour at each 
temperature. No change was observed in the 
1
H or 
31
P NMR spectra between the beginning 
and the end at each temperature. As the mixture was warmed to room temperature, complex 
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19 was completely consumed by the reaction with complex 23 to give formyl complex 23b, 
with the release of hydrogen indicated by the singlet in the 
1
H NMR spectrum at 4.49 ppm 
(Figure 4.3).  
1 h at 253 K
+ 1 h at 263 K
+ 1 h at 298 K
+ 16 h at 298 K
23b
H2
+ 1 h at 273 K
 
Figure 4.3: 
1
H NMR spectra in d5-chlorobenzene of the reaction between complexes 19 and 23 (spectra are 
scaled relative to residual C6HD4Cl). 
Immediately after its formation, formyl complex 23b begins to convert into another complex, 
shown by the growth of a doublet at  9.1 ppm and a broad doublet at 10.9 ppm in the 
1
H 
NMR spectrum. After 16 hours at room temperature, formyl complex 23b has reacted to give 
at least two different bipy complexes, identified in the 
1
H NMR spectrum by the 1:1 doublets 
at 8.9 and 9.2 ppm, and the 1:1 doublet at 9.1 ppm and broad signal, now shifted to 10.4 ppm. 
Neither one of these new signals suggest the proposed further protonation and reduction of 
the formyl group or the release of a small molecule such as formaldehyde or methanol 
(Scheme 4.4). Hydroxycarbene complex 23d would show a characteristic, highly deshielded 
signal in a similar region to formyl complex 23b in the 
1
H NMR spectrum.
26-30
 The 
1
H NMR 
signal for the CH proton of the ruthenium(II) hydroxycarbene complex 
[Ru(CHOH)(CO)(1,2-(Ph2P)2C6H4)2]
2+
 was reported at 10.5 ppm, a similar shift to the broad 
signal seen here at 10.4 ppm in Figure 4.3.
28
 This signal, however, couples to a proton at 
7.2 ppm in the 
1
H COSY spectrum, which could be the OH proton underneath the signals of 
the aromatic protons.  The aforementioned hydroxycarbene complex was reported to be 
unstable at room temperature, while the species which appears here seems to be stable.
28
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Hydroxymethyl complex 23e was reported to show an AB quartet for the CH2 protons at 
4.4 ppm in d3-acetonitrile.
11, 31
 Several complexes with coordinated formaldehyde have been 
reported, which typically exhibit multiplets in the region of 3 to 5 ppm in their 
1
H NMR 
spectra. 
32-37
 No signal consistent with this was observed in our reaction.  
  
 
Scheme 4.4: Proposed protonation and further reduction reactions of formyl complex 23b,  
 
Unlike the reaction in d3-acetonitrile, neither free bipy nor the hydride complex 
[RuH(bipy)2(CO)]
+
 (due to loss of CO from formyl complex 23b) were observed in 
d5-chlorobenzene. It is possible that decomposition to [Ru(bipy)2(CO)H]
+
 occurs but is 
followed by the reaction of this complex with a proton, perhaps from the cationic iridium 
complex formed after initial hydride donation to CO. This would liberate H2, as was observed 
in the 
1
H NMR spectrum at 4.49 ppm. 
The hydride region of the 
1
H NMR spectrum shows the consumption of iridium trihydride 19 
[IrH3((
i
Pr2PC2H4)2NH)] as the reaction is warmed to room temperature (Figure 4.4).  
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19
1 h at 253 K
+ 1 h at 263 K
+ 1 h at 298 K
+ 16 h at 298 K
+ 1 h at 273 K
* ****** * *
 
Figure 4.4: 
1
H NMR spectra in d5-chlorobenzene showing the reaction between complexes 19 and 23. 
(*) = 19A, (*) = 19B, (*) = 19C, (*) = 19D, (*) = 19F. 
Figure 4.4 also clearly shows the formation of several new hydride species, assigned as 
iridium hydrides due to their multiplicity and from 
1
H - 
31
P HMBC NMR spectroscopy. The 
31
P NMR spectrum and 
1
H COSY spectrum confirmed that there are four major species 
present in the reaction mixture, coupled hydrides are labelled with corresponding colours in 
Figure 4.4. These species also correspond to four signals in the 
31
P NMR spectra (Figure 4.5). 
The two peaks that appear at around 50 ppm in the 
31
P NMR spectrum after 16 hours at room 
temperature seem to correspond to the concurrently appearing hydrides at −28 and −30.5 ppm 
in the 
1
H NMR spectrum, and both appear to be monohydride complexes.  
1 h at 253 K
+ 1 h at 263 K
+ 1 h at 298 K
+ 16 h at 298 K
+ 1 h at 273 K
* * **
19
*
 
Figure 4.5: 
31
P NMR spectra in d5-chlorobenzene showing the reaction between complexes 19 and 23. 
(*) = 19A, (*) = 19B, (*) = 19C, (*) = 19D, (*) = 19F. 
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A reaction scheme detailing the proposed interchange between iridium hydride  complexes is 
shown in Scheme 4.5 (coloured hydrides correspond to the labelled species shown in Figures 
4.4 and 4.5). Hydride transfer from complex 19 to complex 23 can be from either of the non-
equivalent trans hydrides on complex 19. Due to the conformation of the ligand this would 
lead to two different cationic iridium(III) complexes, 19A' and 19C'. The NH proton on the 
PNP ligand of complexes 19A' or 19A'' is in the correct orientation to protonate the adjacent 
hydride ligand, giving iridium(III) dihydrogen complex 19A. This is consistent with the 
observation in the 
1
H NMR spectrum of a singlet and two broad doublets in a 1:1:1 ratio, 
which show a coupling interaction in the 
1
H COSY spectrum. The two broad peaks arise from 
the restricted rotation of the dihydrogen molecule due to an interaction with the amide lone 
pair, as indicated in Scheme 4.5. Such interactions, for complex 19 and related complexes, 
have been suggested previously.
14, 38
 It was also reported that for one of the complexes that 
the interaction was bridged by a fluorine atom of the BF4
−
 anion and there could be a similar, 
probably weaker, interaction with the B(C6F5)4
−
 anion in our case.
38
 
 
Scheme 4.5: Proposed iridium complexes present after hydride transfer from complex 19 to complex 23, species 
not observed are shown in square brackets. S = weakly bound solvent. [B(C6F5)4]
− 
anion is excluded for clarity. 
Chapter 4        Hydrogenation of CO and carbonyl substrates - mechanistic studies and CO 
spacespa cespatolerance 
94 
 
The NH group of complex 19C' is in a trans position relative to the Ir-H and cannot react in 
the same way, leading to a fast rearrangement to give complex 19B, corresponding to the two 
1:1 coupled hydride signals at −20.6 and −21.8 ppm in the 1H NMR spectrum. The neutral 
iridium(III) dihydride complex 25, with a similar structure to complex 19B but with a 
deprotonated nitrogen ligand, was synthesised according to a literature procedure and in 
d5-chlorobenzene shows a single broad hydride resonance at −22.5 ppm in the 
1
H NMR 
spectrum.
14
 This is probably due to the ligand flipping between two orientations in complex 
25, which cannot happen in the case of complex 19B, leading to two distinct hydride signals 
(Scheme 4.6). It is also worth noting that complex 25 was not observed in the 
1
H or 
31
P NMR 
spectra during the reaction between iridium complex 19 and ruthenium complex 23, implying 
that the cationic iridium species do not transfer a proton to the ruthenium formyl complex 
23b during the reaction. 
 
Scheme 4.6: Ring flipping in iridium(III) dihydride complex 25. Protonating the ligand prevents flipping for 
complex 19B, which shows resolved hydride environments in the 
1
H NMR spectrum (d5-chlorobenzene, 298 K). 
Upon coordination of a solvent molecule to complex 19B or 19C' to give complex 19C, then 
the hydride signals will separate further in the 
1
H NMR spectrum due to the trans 
arrangement to either a solvent molecule or the nitrogen of the PNP ligand, and shifts 
consistent with such a complex are observed for the hydride signals assigned as complex 
19C. 
The cis hydride ligands of complexes 19B or 19C could reductively eliminate to give 
iridium(I) dihydrogen complex 19D. Iridium complexes similar to 19D have been reported 
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previously and equilibria involving reductive elimination of the hydrides and oxidative 
addition of dihydrogen have been proposed.
39-40
 Complex 19D may also convert to complex 
19A via oxidative addition of the NH group and subsequent isomerisation to give complex 
19E, though no evidence for complex 19E as an intermediate was observed in the 
1
H or 
31
P 
NMR spectra. Complex 19E could potentially lose hydrogen to give a monohydride complex, 
and two individual hydride peaks consistent with such a complex were observed in the 
1
H 
NMR spectrum at 27.9 and 30.7 ppm after the reaction was left at room temperature for 16 
hours. The loss of hydrogen from complex 19D to give an iridium(I) non-hydride complex 
such as 19G does not occur, as all peaks in the 
31
P NMR spectrum can be related to a 
corresponding hydride complex in the 
1
H NMR spectrum. 
Independent synthesis of the mixture of cationic complexes shown in Scheme 4.5 was 
attempted by protonation of the neutral complex 25 using Brookhart's acid 
[H(OEt2)2][B(C6H3(CF3)2)4] in d5-chlorobenzene (Scheme 4.7). The signal assigned as 
complex 19D was observed in the 
1
H NMR spectrum at −10.5 ppm, along with weak signals 
corresponding to complexes 19A and 19B. This supports the proposal that most of the 
iridium species formed in the reaction of complex 19 with ruthenium complex 23 are simply 
a result of complicated equilibria rather than a continuing reaction of the iridium complex 
with ruthenium formyl complex 23b.  
 
Scheme 4.7: The protonation of complex 25 with [H(OEt2)2][B(C6H3(CF3)2)4] in d5-chlorobenzene. 
Complex 19C was not observed in the reaction shown in Scheme 4.7 and it is possible that 
this complex has a structure similar to that shown in Scheme 4.5, but interacts with the 
ruthenium complex rather than a weakly coordinated solvent molecule.  
Upon closer inspection, it was determined that the hydride peaks at −19 and −29 ppm, 
assigned to complex 19C, are in a 1:1 ratio with the two peaks observed at 10.5 and 9.1 ppm 
in the 
1
H NMR spectrum, which, as previously discussed, belong to a ruthenium complex 
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(Figure 4.6). For both complexes there are broad signals present, which indicates fluxional 
behaviour between the complexes. The proposed interaction is shown in Figure 4.6, with the 
oxygen of the formyl ligand coordinating to the iridium complex (19C-23b). 
*
**
 
Figure 4.6: The proposed interaction between the 1:1 iridium and ruthenium complexes observed in the 
1
H NMR spectra (d5-chlorobenzene, 298 K). (*) = 19C, (*) = formyl proton. 
The structure 19C-23b proposed in Figure 4.6 is consistent with the observation in the 
1
H 
NMR spectrum of the corresponding signals growing in as the signal for the free formyl 
complex 23b disappears (Figures 4.3 and 4.4). This may also explain why there is no 
decomposition observed of the ruthenium formyl complex 23b to the hydride complex 23c 
[RuH(bipy)2(CO)]
+
 via loss of CO. There are precedents for metal formyl coordination to 
other metal centres. Tungsten and molybdenum hydride complexes have previously been 
reported to react with iron and rhenium carbonyl complexes to give dimers, wherein the 
formyl ligand at the iron or rhenium centre coordinates via the oxygen to a tungsten or 
molybdenum centre.
41-44
 
Another CO hydrogenation experiment was conducted with two equivalents of iridium 
trihydride 19 and one equivalent of ruthenium complex 23 in d5-chlorobenzene at room 
temperature. This reaction produced only slight differences to the 1:1 reaction at low 
temperature. In this case, the ruthenium(II) formyl complex 23b was observed to decompose 
via loss of CO to give ruthenium(II) hydride complex [Ru(bipy)2(CO)H][B(C6F5)4] 23c. In 
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addition to this, a previously unseen iridium dihydride complex was observed in the 
1
H and 
31
P NMR spectra. As the appearance of this complex was concurrent with the loss of CO 
from the formyl complex, this complex was proposed to be iridium(III) dihydrido carbonyl 
complex 19H. Addition of CO (1 bar) to the NMR tube, converted all of the iridium hydride 
species 19A-D into complex 19H (Figure 4.7). The exact stereochemistry of complex 19H 
with regards to the position of the carbonyl ligand is not known. Complex 19H was also 
prepared independently by adding CO (1 bar) to the product mixture (19A, 19B and 19D) of 
the reaction shown in Scheme 4.7. 
**** * **
+ CO (1 atm)
+ CO (1 atm) + 18 h
+ CO (1 atm) + 2 h
 
Figure 4.7: Complexes 19A, 19B, 19C and 19D all react with CO to give complex 19H as shown by the 
1
H 
NMR spectrum (d5-chlorobenzene, 298 K). (*) = 19A, (*) = 19B, (*) = 19C, (*) = 19D. 
The monohydride complex observed in the 
1
H NMR spectrum at − 15.2 ppm after 18 hours 
could be the result of hydrogen elimination from complex 19H. The conversion of complex 
19C into complex 19H is slower than for complexes 19A, 19B and 19D, and this is consistent 
with an interaction such as that proposed for 19C-23b, blocking the vacant coordination site. 
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After the addition of CO, a very small peak appears in the 
1
H NMR spectrum at 16.4 ppm. 
Two peaks of similar size appear concurrently at 11.7 and 10.1 ppm. This peak is in the 
expected region for ruthenium(II) hydroxycarbene complex 23d (Scheme 4.4), and it is 
possible that this species could be formed in a small amount due to protonation of the formyl 
complex 23b. 
4.2.3.2 Reduction with [RuH(CO)(PNP-
t
Bu)]/H2 
The reaction of complex 23 [Ru(bipy)2(CO)2][B(C6F5)4]2 with complex 13 
[RuH(CO)(PNP-
t
Bu)] and hydrogen was of particular interest, as the improved solubility in 
chlorobenzene of complex 23 compared to the analogous complex 22 with PF6
−
 anions, 
should allow uninhibited hydrogen activation by complex 13. 
An NMR tube containing complexes 13 and 23 and d5-chlorobenzene was degassed, 
pressurised with hydrogen (5 bar) and the reaction was monitored by 
1
H and 
31
P NMR 
spectroscopy at room temperature (Figure 4.8). Immediately after the addition of hydrogen, 
formyl complex 23b is formed, along with the ruthenium(II) hydride complex 23c 
[RuH(bipy)2(CO)][B(C6F5)4]. The broad signal at −26 ppm in the 
1
H NMR spectrum is 
assigned to the cationic ruthenium(II) hydride complex 13b. This is supported by the 
additional observation of a doublet at 6.1 ppm and a broad singlet at 5.6 ppm in the 
1
H NMR 
spectrum, both integrating as two protons relative to one proton for the broad hydride signal. 
These were assigned to the two protons in the 3 and 5 positions on the pyridyl ring of the 
ligand and the two NH protons respectively. 
A hydride signal at −6.7 ppm in the 1H NMR spectrum is assigned to the ruthenium(II) 
hydrido carbonyl complex 13c, formed by the reaction of 13b with the CO released during 
the decomposition of the formyl complex 23b to the hydride complex 23c. Complex 13c has 
the same structure as complex 16, described in Section 3.3.1.6, and shows very similar 
1
H 
and 
31
P NMR spectra. There are small differences between the chemical shifts of some 
environments for these complexes in d5-chlorobenzene, which is attributed to pressure and 
concentration effects. 
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Scheme 4.8: The reaction of complexes 13 and 23 in d5-chlorobenzene under hydrogen. 
+ H2 (4 barg)
+ H2 (4 barg) + 1 h
+ H2 (4 barg) + 4 h
+ H2 (4 barg) + 24 h
 
Figure 4.8: 
1
H NMR spectra (d5-chlorobenzene, 298 K) showing the reaction of complexes 13 and 23 under H2. 
In contrast to the reaction of complex 13 with [Ru(bipy)2(CO)2](PF6)2 (22) under hydrogen in 
d3-acetonitrile, in d5-chlorobenzene hydrogen activation appears to be uninhibited, giving 
complete consumption of complex 23 and forming formyl complex 23b nearly 
stoichiometrically. 
As with the reaction of iridium trihydride complex 19 with ruthenium complex 23, the 
reaction of complexes 13 and 23 under hydrogen does not appear to progress past the stage of 
hydride donation to form a formyl complex. Nonetheless, the reaction performed in 
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d5-chlorobenzene showed a significant improvement over the previous reaction in 
d3-acetonitrile and is another successful example of in situ hydrogen activation to reduce a 
carbonyl ligand at a metal complex to a formyl ligand.   
Another experiment with complexes 13 and 23 was performed, wherein the H2 gas was 
replaced by a 3:1 CO/H2 mixture. In this case, complex 13 immediately reacts with CO to 
form the dicarbonyl complex [RuH(CO)2(PNP-
t
Bu)]. As expected, this results in the 
inhibition of hydrogen activation by the ruthenium PNP complex. However, despite this 
inhibition, a very small amount of the formyl complex 23b is observed, similar to the reaction 
in d3-acetonitrile. The severe inhibition of the hydrogen activation by CO presents a major 
problem for developing a catalytic system for homogeneous syngas conversion. The 
development of CO tolerant hydrogenation catalysts is therefore of great interest for future 
syngas conversion systems. 
4.2.3.3 Attempted reduction with other complexes 
Complex 16 [RuH(CO)2(PNP-
t
Bu)][B(C6H3(CF3)2)4] was also tested for its reactivity with 
ruthenium(II) carbonyl complex 23. It was thought that the cationic complex may be able to 
react with a carbonyl ligand on complex 23 by protonation first, followed by hydride transfer. 
There was, however, no reaction observed between the complexes in d5-chlorobenzene, either 
at room temperature or at 100 °C, and this reaction was not investigated further. 
Ruthenium(II) PCP complex 17 [RuH(CO)2(PCP-
t
Bu)] could also act as a hydride donor. 
However, upon dissolving complex 17 and 23 in d5-chlorobenzene, no reaction occurs at 
room temperature or at elevated temperature. It is likely that complex 17 is not a strong 
enough hydride donor to react with a carbonyl ligand of complex 23, which could be due to 
the two carbonyl ligands withdrawing electron density from the complex and thereby 
reducing the nucleophilicity of the hydride ligand. 
The Shvo catalyst, complex 21, has been used successfully as a hydrogenation catalyst under 
CO/H2 mixtures and therefore its use for the hydrogenation of an activated CO ligand in our 
system is of interest. There was, however, no reaction observed between complex 21 and 
complex 23 in d5-chlorobenzene at room temperature or at elevated temperature, or when a 
H2/CO atmosphere was introduced.  
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4.2.4 Reduction reactions with [Ru3(CO)12] 
4.2.4.1 Reduction with [RuH(CO)(PNP-
t
Bu)]/H2 
[Ru3(CO)12] (24) was previously used as a catalyst in high pressure homogeneous syngas to 
oxygenate conversion systems.
21-22
 In light of this, the use of [Ru3(CO)12] in combination 
with a hydrogenation catalyst at low pressure was investigated as a possible route to the 
reduction of CO. 
Complex 13 [RuH(CO)(PNP-
t
Bu)] and 24 [Ru3(CO)12] were added to an NMR tube with d5-
chlorobenzene. A hydrogen atmosphere (1 bar) was introduced and the reaction was 
monitored by 
1
H and 
31
P NMR spectroscopy. It was immediately apparent, before the 
introduction of hydrogen, that there was a small degree of transfer of CO from [Ru3(CO)12] to 
complex 13 to form the dicarbonyl complex 15, indicated by a shift of the hydride signal 
from −26.1 to −6.2 ppm in the 1H NMR spectrum (Figure 4.9).  
 
+ H2 (1 atm)
+ 7 h
+ 1 h at 80  C
 
Figure 4.9: 
1
H NMR spectra in d5-chlorobenzene showing the reaction between complex 13 and [Ru3(CO)12] 
under hydrogen. 
 
After 7 hours at room temperature, two singlets had begun to appear at −12.3 and −16.5 ppm 
in the 
1
H NMR spectrum, which are consistent with the formation of the anionic ruthenium 
carbonyl hydride complexes [Ru3H(CO)11]
−
 and [RuH(CO)4]
−
, which are known to 
interconvert.
45-46
 It is also of note that [Ru3H(CO)11]
−
 is synthesised by the reaction of 
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[Ru3(CO)12] with sodium borohydride, and it is likely that hydrogen activation by the PNP 
complex to trans-dihydride complex 14 is followed by transfer of a hydride to generate the 
hydride complex [Ru3H(CO)11]
−
 in preference to a formyl complex. After heating at 80 °C 
for one hour, the hydride peak for complex 15 in the 
1
H NMR spectrum had shifted slightly, 
from −6.2 to −6.6 ppm, and integrated in a 1:1 ratio with the sum of the hydride signals for 
[Ru3H(CO)11]
−
 and [RuH(CO)4]
−
. The hydride peak at −6.6 ppm also integrated in a 1:2 ratio 
with the corresponding NH peak, indicating that this complex is most likely the cationic 
complex 13c [RuH(CO)2(PNP-
t
Bu)]
+ 
with either
 
[Ru3H(CO)11]
−
 or [RuH(CO)4]
−
 as the anion 
(Scheme 4.9). 
 
 
Scheme 4.9: The proposed reaction between complex 13 and [Ru3(CO)12] under hydrogen. 
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4.2.5 Summary and conclusions 
This section has described an investigation into CO hydrogenation via the method of 
combining hydrogen activation catalysts and activated carbonyl complexes. An iridium(III) 
trihydride 19 [IrH3((
i
Pr2PC2H4)2NH)], obtainable via the reaction of complex 25 
[IrH2((
i
Pr2PC2H4)2N)] with hydrogen, was shown to react with an activated ruthenium(II) 
carbonyl complex 22 [Ru(bipy)2(CO)2](PF6)2 in d3-acetonitrile to reduce a carbonyl ligand on 
the ruthenium complex give to a formyl complex. Additionally, the reactions of complexes 
13 [RuH(CO)(PNP-
t
Bu)]  and 20 [RuH(CO)(P(C)N(C)N)] with complex 22 under hydrogen 
in d3-acetonitrile showed evidence for the reduction of a CO ligand to a formyl ligand via 
direct heterolytic activation of hydrogen. It was concluded that the solvent was inhibiting the 
activation of hydrogen whilst also reacting with some of the starting materials and that a 
more inert and non-coordinating solvent could improve this. 
A ruthenium(II) dicarbonyl bis-bipyridine complex 23 [Ru(bipy)2(CO)2][B(C6F5)4]2 with 
increased solubility in less polar solvents was synthesised. Iridium(III) trihydride 19 reacts 
with complex 23 in d5-chlorobenzene to give a formyl complex [Ru(CHO)(CO)(bipy)2]
+
 and 
several cationic iridium complexes. It was proposed that one of the cationic iridium 
complexes interacts with the formyl complex and evidence for a small amount of protonation 
of the formyl was observed upon the addition of CO to the mixture. The addition of CO also 
led to the formation of a single iridium hydride complex as the major product, proposed to be 
complex 19H [IrH2(CO)((
i
Pr2PC2H4)2NH)]
+
, which was also observed prior to the direct 
addition of CO, due to CO release as a result of decomposition by decarbonylation of the 
formyl complex. 
In d5-chlorobenzene, complex 13 [RuH(CO)(PNP-
t
Bu)] was able to split hydrogen 
heterolytically without the inhibition observed in acetonitrile and a fast reaction to reduce 
complex 23 to a formyl complex was observed in the NMR spectra. This represents proof of 
concept for the unprecedented in situ heterolytic activation of hydrogen to reduce a carbonyl 
ligand, though in this reaction there was no evidence observed to suggest protonation or 
further reduction of the formyl ligand. The transfer of CO to complex 13 was observed, 
which has been shown to prevent low pressure hydrogen activation by this complex. The 
reaction of complex 13 with complex 23 under syngas showed that very slow hydrogen 
activation was still possible under CO, with a small amount of the formyl complex being 
produced.  
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Complex 13 also reacts with [Ru3(CO)12] under hydrogen in d5-chlorobenzene to form mainly 
the products of hydride transfer to the metal, [Ru3H(CO)11]
−
 and [RuH(CO)4]
−
. Transfer of 
CO to complex 13 was also observed in this reaction, which would inhibit hydrogen 
activation and the continuation of a catalytic cycle. 
One of the problems found in all of the reactions described is the lack of protonation of the 
formyl species by the protic hydrogenation catalyst formed following hydride transfer. This 
could partially be due to the fact that, in our systems, both the formyl and the protic 
hydrogenation catalyst are positively charged complexes. This would lead to electrostatic 
repulsion and thereby slow any proton transfer between them, though a reaction may still be 
expected to occur at a slower rate. It is also possible that none of the protic hydrogenation 
catalysts used in our experiments are acidic enough to effectively protonate the formyl 
complex. The problem with this is that a more acidic complex would be likely to be less 
electron rich, which may lead to the preceding hydride not having the strength to reduce the 
carbonyl ligand and so this is a balance that must be finely tuned. 
Another observation in our experiments was the transfer of CO to the hydrogenation 
catalysts, which inhibits the activation of hydrogen. This can be expected to occur in any 
system involving CO reduction, with strong inhibition of hydrogen activation under CO/H2 
mixtures. Complexes that do not bind CO strongly and so have greater CO tolerance as 
hydrogenation catalysts would therefore be preferable for syngas conversion systems.  
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4.3 CO tolerance in the hydrogenation of organic carbonyl 
substrates 
4.3.1 Ester hydrogenation 
As mentioned at the beginning of this chapter and in Section 1.5, ester hydrogenation is an 
important reaction for indirect syngas conversion. In particular, the hydrogenation of methyl 
acetate is of importance in a system for ethanol synthesis from syngas. Syngas derived 
methanol can be dehydrated to dimethylether, the carbonylation of which generates methyl 
acetate, which can then be hydrogenated to produce ethanol (Scheme 4.10).
7, 47-48
 
 
Scheme 4.10: The required reactions in the indirect synthesis of ethanol from syngas. 
In order to combine the stages shown in Scheme 4.10 into a single process, the ester 
hydrogenation step must be conducted under syngas. Heterogeneous Cu/Mn catalysts for 
methyl acetate hydrogenation in the presence of CO have been demonstrated to be effective.
49
 
While the homogeneous hydrogenation of formate esters derivable from syngas has been 
reported as a potential route from syngas to methanol, no hydrogenation experiments were 
carried out in the presence of CO.
50
 
4.3.1.1 Methyl acetate hydrogenation 
The hydrogenation of methyl acetate in THF was investigated, catalysed by the new 
complexes synthesised in Chapters 2 and 3. The results of the reactions are detailed in 
Table 4.1. The only complex to show any activity for methyl acetate hydrogenation under 
pure hydrogen was PNP complex 13 [RuH(CO)(PNP-
t
Bu)], formed in situ by the 
deprotonation of the precursor complex 12 [RuHCl(CO)(PNP-
t
Bu)]. At 1 % catalyst loading 
and 50 bar hydrogen pressure, the total conversion, determined by the quantity of ethanol and 
ethyl acetate (formed by trans-esterification of ethanol with methyl acetate) detected in the 
reaction mixture after the reaction time, was 17 %. This decreased to only 3 % at 20 bar 
hydrogen pressure, showing that complex 13 is only active for ester hydrogenation at 
relatively high pressures. Lowering the catalyst loading to 0.1 % with 50 bar hydrogen 
pressure gave approximately the same number of turnovers as for 1 % catalyst loading, 
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suggesting that the catalyst becomes deactivated as the reaction progresses. The results 
obtained for complex 13 compare well with those obtained by Milstein et al. for an analogous 
ruthenium PNP pincer complex with side arms linked by methylene groups, where between 7 
and 12 % conversion of ethyl benzoate was observed under similar conditions of temperature, 
catalyst loading and reaction time, albeit at a hydrogen pressure of only 5 bar.
16
 Several 
ruthenium PNN complexes, as well as CNN N-heterocyclic carbene and SNS thioether 
complexes, have shown much improved activity over the PNP systems, often giving ester 
conversions of over 95% at 5 bar under similar conditions to the PNP complexes and with 
increased pressure (50 bar) obtaining similar conversions using catalyst loadings as low as 
0.005 %.
16, 51-53
 
Table 4.1: Homogeneous catalytic hydrogenation of methyl acetate. 
 
Catalyst
Catalyst 
Loading
H2 
pressure 
/ bar
Reaction 
time / h
Conversionb
Turn-over 
number
Turn-over 
frequency / 
h-1 
13a 1.0% 50 17 17% 17 1
13a,c 0.1% 50 16 2% 20 1.25
13a 1.0% 20 15 3% 3 0.2
15 1.0% 50 17 0% 0 0
17 1.0% 50 16 0% 0 0
6 1.0% 50 16 0% 0 0  
Reaction conditions: Methyl acetate (5 mmol), catalyst (0.05 mmol), NaOMe (0.5 mmol), THF (10 ml), 120 °C.  
a
Complex 13 formed in situ by the deprotonation of complex 12. 
b
Conversion calculated by the total amount of 
ethanol and ethyl acetate detected in the reaction mixture by 
1
H NMR spectroscopy compared to a cyclohexane 
standard. 
c
Reaction conditions: Methyl acetate (50 mmol), catalyst (0.05 mmol), NaOMe (0.5 mmol), 
THF (5 ml), 120 °C. 
The deactivation of hydrogenation catalysts by carbon monoxide resulting from alcohols has 
been suggested previously, and it is possible that this is occurring here.
54
 Ruthenium(II) 
dicarbonyl pincer complex 15 [RuH(CO)2(PNP-
t
Bu)] showed no activity for the 
hydrogenation of methyl acetate with 1 % loading and 50 bar hydrogen pressure, suggesting 
that addition of CO to complex 13 renders it inactive for methyl acetate hydrogenation. 
Ruthenium(II) PCP pincer complex 17 [RuH(CO)2(PCP-
t
Bu)] and ruthenium(II) bis-
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dihydroxybipyridyl chloride complex 6 [RuCl2(dhbipy)2] were also found to be inactive 
under equivalent conditions. Due to the relative inactivity of our complexes with respect to 
methyl acetate hydrogenation, it was decided not to pursue the investigation into CO 
tolerance of these complexes in ester hydrogenation.   
4.3.2 Aldehyde hydrogenation 
As discussed in Section 1.5, reductive hydroformylation, where an alkene undergoes 
hydroformylation to an aldehyde followed by hydrogenation to an alcohol, involves the 
hydrogenation of aldehydes in the presence of CO. The CO tolerance of catalysts for the 
hydrogenation step of this reaction has been investigated previously for several rhodium and 
ruthenium systems. Shvo's catalyst was shown to be relatively active for the hydrogenation of 
undecanal under syngas in dimethylacetamide (DMA), and a synergistic effect  was 
suggested when this complex was combined with [Rh(acac)(CO)2] or [Rh(coe)2Cl]2 in 1,4-
dioxane.
1, 55
  [Rh(acac)(CO)2] in combination with Xantphos (4,5-bis(diphenylphosphino)-
9,9-dimethylxanthene) was shown to have good hydrogenation activity under syngas in 
various solvent/water mixtures.
2
 [Rh(acac)(CO)2] with supramolecular nitrogen donor ligands 
and triflic acid showed activity in the hydrogenation of a variety of aldehydes in 
dichloromethane.
56
 
Under similar conditions to those described in previously reported reductive 
hydroformylation reactions, the hydrogenation of decanal was carried out in toluene or 
dimethylacetamide under hydrogen or syngas, using the new complexes synthesised in 
Chapters 2 and 3 (Figure 4.10).
3
 The distribution of products was determined by gas 
chromatography and the results are displayed in Table 4.2. 
 
Figure 4.10: Complexes tested in the hydrogenation of decanal.  
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Table 4.2: Homogeneously catalysed hydrogenation of decanal. 
 
Entry Catalyst Solvent
Catalyst 
Loading
Gas
Reaction 
time / h
Decanal* Decanol* 
Turn-over 
number
Turn-over 
frequency / h-1 
1 13 Toluene 0.1% H2 4 67% 30% 300 75
2 13 Toluene 0.1% CO/H2 16 85% 3% 30 1.9
3 15 Toluene 0.1% H2 4 74% 16% 160 40
4 15 Toluene 1.0% H2 16 0% 91% 91 5.7
5 16 Toluene 0.1% H2 16 87% 5% 50 3.1
6 17 Toluene 1.0% H2 4 60% 37% 37 9.3
7 17 Toluene 1.0% H2 16 0% 91% 91 -
8 17 Toluene 1.0% CO/H2 16 63% 30% 30 1.9
9 7 DMA 1.0% H2 16 95% 5% 5 0.3
10 8 DMA 1.0% H2 16 61% 36% 36 2.3
11 8 DMA 1.0% CO/H2 16 84% 9% 9 0.6
12 21 Toluene 0.1% H2 1 0% 82% 820 -
13 21 Toluene 0.1% CO/H2 4 61% 21% 210 52.5  
Reaction conditions: Decanal (5 mmol), Dodecane (2.5 mmol), solvent (15 ml), H2 (20 bar) or CO/H2 (1:3, 
27 bar), 130 °C. *Yield determined by integration of the GC trace compared to the dodecane internal standard.  
As shown by entries 1 and 2 in Table 4.2, complex 13 shows reasonable activity in the 
hydrogenation of decanal under hydrogen, but this activity is severely decreased when using 
syngas. This cannot be explained simply by the fast conversion of complex 13 to complex 15 
under CO pressure, as the pre-formed complex 15 shows good hydrogenation activity under 
hydrogen gas (entries 3 and 4). Under the reaction conditions, hydrogen can displace a 
carbonyl ligand on complex 15 to facilitate hydrogenation, but not in the presence of excess 
CO. 
Cationic ruthenium(II) complex 16 was tested with the idea that it could first protonate the 
substrate then deliver a hydride to achieve the hydrogenation. As shown by entry 5, complex 
16 is active for the hydrogenation of decanal under hydrogen, but is not as effective as the 
neutral complexes 13 or 15. 
Ruthenium(II) PCP dicarbonyl complex 17 shows only moderate activity for the 
hydrogenation of decanal compared to complex 13 (entries 6 and 7). However, in contrast to 
the PNP complex, the activity of complex 17 under syngas was less inhibited compared to the 
reaction under hydrogen (entry 8). 
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Dimethylacetamide was used instead of toluene in the reactions involving the dinuclear 
ruthenium(I) complexes due to their insolubility in toluene. Dinuclear ruthenium(I) 
complex 7 [Ru(6-hydroxy-6’-oxy-2,2’-bipyridine)(CO)2]2 was tested for the hydrogenation of 
decanal in dimethylacetamide, but was found to show poor hydrogenation activity even under 
hydrogen gas (entry 9). Deprotonated complex 8 showed a significant increase in 
hydrogenation activity under hydrogen compared to complex 7. The deprotonated ligand on 
complex 8 may facilitate hydrogen activation to increase the activity of the complex, though 
this would be surprising as hydrogen activation by this complex has never been observed so 
far, even under relatively high pressures of hydrogen (Section 2.3.1.5). Complex 8 also 
showed a smaller relative inhibition of its activity under syngas compared to complex 13, 
which may be due to the complex being saturated with CO, which disfavours further 
coordination and deactivation. 
Shvo's catalyst, shown by Nozaki et al. to be effective for the hydrogenation of aldehydes 
under syngas (40 turnovers in 11 hours for the hydrogenation of undecanal under 20 bar 1:1 
CO/H2 at 120 °C in DMA or 
i
PrOH), was tested under the same conditions as the other 
complexes in Figure 4.10 for a direct comparison (entries 12 and 13).
1, 55
 This complex 
proved to be relatively effective in the hydrogenation of decanal in toluene, both under 
hydrogen and under syngas. Notably Shvo's catalyst gives over 200 turnovers even under 
syngas, which is a great improvement on the values observed for the other complexes tested 
here. The [Rh(acac)(CO)2]/Xantphos system reported by Vogt et al. also shows improved 
activity over the complexes discussed here, giving up to 180 turnovers in 30 minutes for the 
hydrogenation of nonanal under 36 bar of 1:2 CO/H2 at 160 °C in an 
i
PrOH/H2O mixture. 
2
 
In most of the reactions shown in Table 4.2, there were small amounts of high molecular 
weight products observed in the gas chromatography trace. GC-MS analysis suggested the 
presence of a C20 ester, presumably formed by the oxidative coupling of decanol, a reaction 
that many hydrogenation catalysts, including Shvo's catalyst, are known to be active for.
18, 25, 
57-58
 The amount of the C20 ester present in each reaction was not quantified so this by-
product may account for the "loss" of material observed in several reactions.  
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4.4 Summary and Conclusions 
Section 4.2 of this Chapter has described the reduction of an activated CO ligand at the 
ruthenium(II) complex [Ru(bipy)2(CO)2]
2+
 (22, 23) in acetonitrile and chlorobenzene with an 
iridium(III) trihydride complex (19). Ruthenium(II) PNP complex (13), which activates 
hydrogen in situ, reduces a carbonyl ligand at ruthenium(II) complex [Ru(bipy)2(CO)2]
2+ 
in 
acetonitrile and in chlorobenzene via heterolytic hydrogen activation. In these reactions, CO 
transfer from the carbonyl complex (22 or 23) to the hydrogen activation complex (19 or 13) 
was observed, along with inhibition of the reaction involving hydrogen activation under 
syngas. 
Following from this, the CO tolerance of several new complexes in the hydrogenation of 
aldehydes was investigated. It was found that the hydrogenation activity of complex 13 was 
severely inhibited under syngas, while other complexes such as ruthenium(II) PCP complex 
17 and Shvo's catalyst were comparatively less inhibited. Both complex 17 and Shvo's 
catalyst were, however, not found to be capable of hydride transfer to an activated CO ligand 
of [Ru(bipy)2(CO)2]
2+
 in the way that complex 13 is (via trans-dihydride 14). The CO 
tolerance of a hydrogenation catalyst is likely to be dictated by the strength of CO binding to 
an active site of the complex, which will generally increase for more electron rich metal 
centres due to back-bonding. More electron rich metal centres are however, more likely to 
have highly nucleophilic hydride ligands capable of reducing demanding substrates such as 
CO or esters. In syngas conversion systems there is therefore a balance to be struck between 
the ability of a complex to reduce demanding substrates, whilst also not strongly and 
irreversibly binding CO. 
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5.1 Summary and Outlook 
In Chapter 2, several novel complexes of ruthenium and iron with bipyridyl ligands bearing 
basic backbone groups were synthesised and characterised.  
Ruthenium complexes of 6,6'-dihydroxy-2,2'-bipyridine show temperature dependent 
synthetic pathways with a carbonyl complex believed to be formed via decomposition of the 
solvent. The reaction of such complexes with CO resulted in a dinuclear ruthenium (I) 
complex 7, which could also be synthesised directly from either RuCl3 or [Ru3(CO)12]. This 
dinuclear complex was also deprotonated to from complex 8 and this also resulted in 
increased solubility due to the loss of intermolecular hydrogen bonding interactions which 
were observed in the X-ray crystal structure. The solubility of this complex in basic solutions 
could be of interest in the future if it can be dissolved in alkaline aqueous solution and tested 
for catalytic activity in water, for example the hydrogenation of aldehydes under syngas 
which this complex was shown to be mildly active for, particularly given the positive effect 
of using water reported by Vogt et al.
1
  
Complex 8 did not display the targeted direct reaction with hydrogen to give a formyl 
complex, which was concluded to be the case due to an imbalance of relatively non-
electrophilic carbonyl ligands and insufficient basicity of the pendant basic groups. This 
problem has recently been investigated by Bercaw et al. and it seems that achieving the 
correct balance of the two factors will be difficult, with thermodynamic analysis showing that 
the reaction is energetically unfavourable in all of the systems tested.
2-3
 It therefore appears 
that pursuing reactivity of this type may not be an effective route to achieving homogeneous 
syngas conversion. 
Nonetheless, the targeted hydroxy and amino-substituted bis-bipyridyl dicarbonyl complexes 
proved problematic to synthesise, and these complexes could still be of interest as they could 
potentially have relatively electrophilic carbonyl ligands similar to [Ru(bipy)2(CO)2]
2+
.
4
 Such 
complexes may then be used in investigating the effects of hydrogen bonding following 
reduction of the CO to formyl, as was subsequently investigated in Chapter 4. Other synthetic 
routes could involve the avoidance of high CO pressures which, in the case of 
6,6'-dihydroxy-2,2'-bipyridine, appear to often lead to formation of dinuclear complex 7, for 
example by halide abstraction prior to the reaction with CO. 
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In Chapter 3, the synthesis and characterisation of several novel complexes of ruthenium and 
iron with PNP, PCP and terpyridyl pincer ligands was described. Five-coordinate complex 
[RuH(CO)(PNP-
t
Bu)] (13) was formed by deprotonation of the chloride complex 
[RuHCl(CO)(PNP-
t
Bu)] (12) and was shown to heterolytically activate hydrogen to give a 
trans-dihydride complex [RuH2(CO)(PNP-
t
Bu)] (14) at room temperature and 6 bar hydrogen 
pressure. The attempted synthesis of analogous complexes with iso-propyl or phenyl ligands 
was not successful and the synthesis of such complexes or complexes with other similar 
ligands could be a point of interest for future work in this area. Of Particular interest would 
be complexes with less electron donating phosphine groups on the ligand. Such complexes 
would be expected to result in less a powerful hydride donor following the activation of 
hydrogen, but would then be expected to be more acidic following hydride donation. This 
could aid the subsequent protonation of a formyl complex for example, as was observed not 
to occur for the reaction of the tert-butyl PNP complex with [Ru(bipy)2(CO)2]
2+
 discussed in 
Chapter 4. 
The dicarbonyl ruthenium (II) complex [RuH(CO)2(PNP-
t
Bu)] (15) was synthesised by the 
reaction of [RuH(CO)(PNP-
t
Bu)] (13) with 1 bar CO at room temperature and can also be 
synthesised directly by the reaction of the PNP-
t
Bu ligand with [Ru3(CO)12]. Complex 15 
shows fluxional behaviour and was also observed to undergo decomposition in solution to 
give a colour change and a new species in the UV/Vis spectrum. This new species was not 
identified and although it was proposed on the basis of NMR spectroscopy, mass 
spectrometry and FT-IR spectroscopy that a significant structural change was not taking 
place, the origin of the colour change and UV/Vis data would be of interest in future 
investigations. 
The synthesis of PNN ligands based on 6,6'-diamino-2,2'-bipyridine and 6,6'-dihydroxy-2,2'-
bipyridine was also attempted, though compounds of this type were not successfully isolated. 
Complexes of these ligands could be of interest due to the precedent for PNN complexes 
showing increased activity in hydrogenation of substrates such as esters in comparison to the 
PNP analogues.
5-8
 The targeted PNN ligands could also have interesting reactivity due to the 
potential for intramolecular hydrogen bonding interactions with substrates bound to the metal 
centre. An alternative route could be the use of a dialkyl phosphorous amide in place of the 
dialkyl chlorophosphines used in the attempted syntheses, whereby the loss of a volatile 
amine such as dimethylamine would drive the reaction. 
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In Chapter 4 CO hydrogenation via the method of combining hydrogen activation catalysts 
and activated carbonyl complexes was investigated. An iridium complex 19 
[IrH3((
i
Pr2PC2H4)2NH)] was shown to react with an activated carbonyl complex 23 
[Ru(bipy)2(CO)2][B(C6F5)4]2 in d5-chlorobenzene to give a formyl complex 
[Ru(CHO)(CO)(bipy)2]
+
. In addition to this, complex 13 [RuH(CO)(PNP-
t
Bu)] was shown to 
split hydrogen heterolytically in d5-chlorobenzene and a fast reaction to reduce complex 23 to 
a formyl complex was observed in the NMR spectra. In both cases, the reduction of the 
formyl ligand was not observed to progress further and protonation of the formyl species 
appears to be a difficult step to overcome.  
An interesting prospect for future work would be the optimisation of such reactions, 
particularly with regard to the selection of hydrogenation complexes and activated CO 
complexes. Selecting an activated CO complex such that a formyl complex would have a 
neutral or negative charge could benefit the protonation step due to decreased electrostatic 
repulsion. The hydrogenation complexes should also be selected to have the correct balance 
of hydride donor ability and subsequent acidity, tailoring the electron donating properties of 
the ligands is important in this regard, as mentioned previously in relation to the synthesis of 
analogues of PNP complex 13 [RuH(CO)(PNP-
t
Bu)]. Another interesting possibility for 
future investigation could be the use of activated CO complexes with pendant hydrogen 
bonding groups such as the ruthenium bis-bipyridyl dicarbonyl complexes referred to 
previously in relation to Chapter 2. 
Also discussed in Chapter 4 was the catalytic hydrogenations of aldehydes and esters, and the 
inhibiting effect of using CO/H2 mixtures on the catalytic activity. It was observed that 
complexes which appeared to have greater CO tolerance did not have the powerful hydride 
donor properties required for the reduction of metal bound CO. It may be of interest in future 
studies to more comprehensively investigate this relationship between the strength of a 
complex as a hydride donor and how strongly it binds CO. The aim would be to find the a 
balance between the two properties which could allow the hydrogenation of metal bound CO 
under syngas, which could be vital for a process where catalytic syngas conversion is the 
ultimate goal.  
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6.1 General considerations 
All moisture and oxygen sensitive compounds were prepared using standard vacuum line, 
Schlenk and cannula techniques. A standard nitrogen or argon-filled glove box was used for 
any subsequent manipulation and storage of these compounds.  
6.1.1 NMR spectroscopy 
Standard 
1
H, 
31
P, 
19
F, and 
13
C NMR spectra were recorded using a Bruker 400 MHz or 
500MHz spectrometer at room temperature unless otherwise stated.. 
1
H NMR and 
13
C NMR 
chemical shifts (δ) were referenced to the residual non-deuterated solvent signal and the 13C 
signal of the deuterated solvent respectively. 
19
F and 
31
P NMR chemical shifts were 
referenced externally to CFCl3 and 85% H3PO4 in H2O respectively. NMR spectra for air 
sensitive compounds were recorded under a nitrogen or argon atmosphere. NMR spectra for 
samples under gas greater than atmospheric pressure were recorded using a thick walled, 
high-pressure tube. NMR signal multiplicities are described by the following abbreviations: s 
(singlet), d (doublet), t (triplet), q (quartet), m (unresolved multiplet), br (broad). 
6.1.2 Further characterisation 
Mass spectra were recorded using a Waters LCT Premier ES-ToF (ESI) or a Micromass 
Autospec Premier (LSIMS) spectrometer. Standard FTIR spectra were measured using a 
Perkin Elmer Spectrum GX spectrometer. Elemental analyses were carried out by the 
Elemental Analysis Service at London Metropolitan University. UV-Vis spectra were 
measured using a Perkin-Elmer Lambda 20 spectrometer. Gas chromatography analysis was 
carried out using an Agilent 6890 Series system with an Agilent HP-5, 30m x 0.25 mm I.D., 
(5% Phenyl-methylpolysiloxane) column. 
 
6.2 Solvents and reagents 
Solvents and reagents were used as supplied unless otherwise specified. Solvents used in the 
reactions of oxygen and moisture sensitive compounds were dried and degassed according to 
standard techniques. Diethyl ether and THF were dried and freshly distilled from sodium 
benzophenone ketyl, under a nitrogen atmosphere. Toluene, pentane and hexane were dried 
by passage through a column containing 3Ǻ molecular sieves and Q5 reagent (activated 
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Cu(II)O). Deuterated chlorobenzene was dried by stirring over calcium hydride followed by 
trap to trap distillation, and was stored in a glass ampoule inside a nitrogen or argon filled 
glovebox. RuCl3.3H2O was donated by Johnson Matthey and used without further 
purification. Di-tert-butylchlorophosphine was donated by Rhodia and used without further 
purification. All other chemicals were obtained commercially and used without further 
purification. 
[Ru3(CO)12],
1
 [RuCl2(bipy)2],
2
 [Ru(bipy)2(CO)2][PF6]2,
3
 [Ru(bipy)2(CO)(CHO)][PF6],
4
  
[RuCl2(COD)]n,
5
 [RuCl2(dmso)4],
6
 [RuCl2(CH3CN)4],
7
 6,6’-dihydroxy-2,2’-bipyridine 
(dhbipy),
8
 6,6’-bis(tert-butyldimethylsilyloxy)-2,2’-bipyridine ,9 6,6’-diamino-2,2’-bipyridine 
(dabipy),
10-11
 6,6’’-diamino-2,2’:6’,2’’-terpyridine,12 N,N′-bis(diisopropylphosphino)-2,6-
diaminopyridine,
13
 N,N′-bis(diphenylphosphino)-2,6-diaminopyridine,14 N,N′-
bis(diisopropylphosphino)-1,3-diaminobenzene,
15
 N,N′-bis(diphenylphosphino)-1,3-
diaminobenzene,
15
 [Ru((CH3)C(CH2PPh2)3)(CO)2],
16
 [RuHCl(CO)(PPh3)3],
17
 
[RuCl2(PPh3)3],
18
 [RuHCl(PPh3)3],
19
 [RuHCl(BINAP)(PPh3)],
20
 
[RuHCl(BINAP)(NH2(C(CH3)2)2NH2)],
21
 [H(Et2O)2][B(3,5-(CF3)-C6H3)4],
22
 
[Mn(CO)4(PPh3)2][BF4],
23
 [IrH2((
i
Pr2PC2H4)2N)]
24
 and [IrH3((
i
Pr2PC2H4)2NH)]
24
 were 
prepared according to literature procedures. N,N′-bis(di-tert-butylphosphino)-2,6-
diaminopyridine
13
 and N,N′-bis(di-tert-butylphosphino)-1,3-diaminobenzene15 were prepared 
by a modification of the literature procedures.  
 
6.3 Syntheses and experimental procedures 
6.3.1 N,N′-Bis(di-tert-butylphosphino)-2,6-diaminopyridine (PNP-
t
Bu) 
2,6-Diaminopyridine (1.000 g, 9.16 mmol) was loaded into a 
Schlenk flask under a nitrogen atmosphere. Dry THF (30 ml) was 
added by cannula and the solution cooled to −78 °C in a dry 
ice/acetone bath. 
n
BuLi (12ml of 1.6 M solution in hexanes, 19.2 
mmol) was slowly added to this solution by syringe. A solution of di-tert-
butylchlorophosphine (3.49 g, 19.3 mmol) in THF (10 ml) was added dropwise by cannula at 
−78 °C. The mixture was allowed to warm to room temperature and heated at reflux 
overnight. After cooling to room temperature, the THF was removed under reduced pressure 
and DCM (30 ml) added to the light yellow residue. The suspension was filtered through 
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celite and then silica and the DCM removed under reduced pressure to give an off-white 
powder (2.724 g, 75 %).  
1
H NMR (400 MHz, C6D6, δ (ppm), J (Hz)) δ 7.36 (t, 
3
JHH = 7.9, 1H, Ar-H), 6.95 (dd, 
3
JHH = 
7.9,
 4
JHH = 2.4, 2H, Ar-H), 4.98 (br d,
 2
JHP = 11.4, 2H, NH), 1.12 (d,
 3
JHP = 11.9, 36H, 
C(CH3)3).  
31
P{
1
H} NMR (162 MHz, C6D6, δ (ppm), J (Hz)) δ 57.04 (s).  
13
C{
1
H} NMR (100 MHz, CDCl3, δ (ppm), J (Hz)) δ 159.9 (d,
 2
JCP = 21.6, C(Ar)), 138.9 (s, 
C(Ar)), 98.5 (d,
 3
JCP = 19.1, C(Ar)), 34.0 (d,
 1
JCP = 19.3, C(CH3)3), 28.2 (d,
 2
JCP = 15.3, 
C(CH3)3).  
ESI/MS
+
 (m/z): 398.3 [M + H]
+
.  
Anal. Calcd. for C21H41N3P2: C, 63.45; H, 10.40; N, 10.57. Found: C, 63.36; H, 10.29; N, 
10.67. 
 
6.3.2 N,N′-Bis(di-tert-butylphosphino)-1,3-diaminobenzene (PCP-
t
Bu) 
m-Aminoaniline (0.500 g, 4.62 mmol) was loaded into a Schlenk 
flask under a nitrogen atmosphere. Dry THF (20 ml) was added by 
cannula and the solution cooled to −78 °C in a dry ice/acetone 
bath. 
n
BuLi (5.8 ml of 1.6 M solution in hexanes, 9.25 mmol) was  
slowly added to this solution by syringe and then the mixture was allowed to warm to room 
temperature and stirred for 15 minutes. The solution was again cooled to −78 °C and a 
solution of di-tert-butylchlorophosphine (3.49 g, 19.3 mmol) in THF (5 ml) was added 
dropwise by cannula. The mixture was allowed to warm to room temperature and stirred for 
19 hours. The THF was removed under reduced pressure and DCM (30 ml) added to the 
residue. The suspension was filtered through celite and the DCM removed under reduced 
pressure to give a yellow/orange solid. Dissolving in DCM (1.2 ml) and adding pentane (30 
ml) gave a small amount of precipitate that was removed by filtration. Subsequent removal of 
the solvent from the filtrate gave a light yellow/orange powder (1.248 g, 68 %).  
1
H NMR (400 MHz, C6D6, δ (ppm), J (Hz)) δ  7.23 –7.16 (m, 2H, Ar-H), 6.72 (dt, 
3
JHH = 8.0, 
4
JHH = 2.1, 2H, Ar-H), 3.92 (br d,
 2
JHP = 11.0, 2H, NH), 1.14 (d,
 3
JHP = 11.6, 36H, C(CH3)3). 
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13
C{
1
H} NMR (100 MHz, C6D6, δ (ppm), J (Hz)) δ 152.2 (d,
 2
JCP = 17.0, C(Ar)), 128.9 (s, 
C(Ar)), 106.3 (d,
 3
JCP = 13.0, C(Ar)), 103.0 (t,
 3
JCP = 12.1, C(Ar)), 35.3 (d,
 1
JCP = 19.1, 
C(CH3)3), 28.0 (d,
 2
JCP = 14.9, C(CH3)3).  
31
P{
1
H} NMR (162 MHz, C6D6, δ (ppm), J (Hz)) δ 57.39 (s).  
ESI/MS
+
 (m/z): 397.3 [M + H]
+
.  
Anal. Calcd. for C22H42N2P2: C, 66.64; H, 10.67; N, 7.06. Found: C, 66.83; H, 10.56; N, 6.97. 
 
6.3.3 cis -[RuCl2(6,6’-dihydroxy-2,2’-bipyridine)2] 
A 25 ml 2-neck RBF was charged with RuCl3·3H2O (100 mg, 
0.38 mmol), 6,6’-dihydroxy-2,2’-bipyridine (144 mg, 0.76 mmol), LiCl 
(200 mg, 4.72 mmol) and ethylene glycol (2 ml). A reflux condenser 
was attached and the apparatus flushed with nitrogen by bubbling 
nitrogen through the solution for approximately 15 minutes. The 
solution was stirred at 125 °C for 16 hours under a nitrogen atmosphere 
and after cooling to room temperature, the addition of water (5 ml) afforded a purple/red 
precipitate, which was isolated by filtration, washed with water, cold methanol and 
diethyl ether. Drying in vacuo gave a dark pink/purple solid (96 mg, 47 %). Crystals suitable 
for X-ray diffraction were obtained by layering a dimethylformamide solution of the complex 
with diethylether.  
1
H NMR (400 MHz, d6-dmso, δ (ppm)) 7.96 – 7.90 (m, 1H, Ar-H), 7.84 (m, 1H, Ar-H), 7.78 
(m, 1H, Ar-H), 7.67 (m, 1H, Ar-H), 6.87 (m, 1H, Ar-H), 6.58 (m, 1H, Ar-H). 
13
C{
1
H} NMR (126 MHz, d6-dmso, δ (ppm), J (Hz)) δ 169.7 (s, C(Ar)), 167.9 (s, C(Ar)), 
159.0 (s, C(Ar)), 157.4 (s, C(Ar)), 140.3 (s, C(Ar)), 139.4 (s, C(Ar)) , 114.5 (s, C(Ar)) , 113.7 
(s, C(Ar)) , 112.0 (s, C(Ar)) , 110.3 (s, C(Ar)).   
IR (KBr) ν(O-H), 3584 (m) 3430 (br) cm−1. 
ESI/MS
+
 (m/z): 554 [M – Cl + MeCN]+, 590 [M + MeCN + H]+.  
Anal. Calcd. for C20H16Cl2N4O4Ru: C, 43.81; H, 2.94; N, 10.22. Found: C, 43.76; H, 2.99; N, 
10.14. 
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6.3.4 [Ru(6-hydroxy-6’-oxy-2,2’-bipyridine)(CO)2]2 
Method A: A 100ml Parr reactor with a glass liner was 
charged with RuCl3·3H2O (200 mg, 0.76 mmol), 6,6’-
dihydroxy-2,2’-bipyridine (144 mg, 0.76 mmol) and 
methanol (15 ml). The reactor was sealed, flushed (3 x 8 
bar) and pressurised with carbon monoxide (20 bar), 
then heated to 150 °C in a graphite bath for 15 h. The reactor was cooled to room temperature 
in water and vented. The resultant yellow powder was collected by filtration washed with 
methanol and diethyl ether and dried in vacuo (141 mg, 54 %). 
Method B: In a similar procedure to the above, cis-[Ru(6,6’-dihydroxy-2,2’-bipyridine)2Cl2] 
(43 mg, 0.078 mmol) was suspended in water (10 ml) and heated at 140 °C for 24 hours in a 
100 ml Parr reactor pressurised with carbon monoxide (20 bar). After cooling and venting, a 
yellow powder was isolated by filtration and dried in vacuo (24 mg, 45 %). 
Method C: A Schlenk flask was charged with Ru3(CO)12 (200 mg, 0.31 mmol) and 6,6’-
dihydroxy-2,2’-bipyridine (176 mg, 0.93 mmol) under a nitrogen atmosphere and dry THF 
(10 ml) was added by cannula. The flask was fitted with a reflux condenser and the solution 
stirred at 75 °C for 16 h. After cooling, the resultant yellow powder was isolated by filtration 
in air, washed with methanol and diethyl ether then dried in vacuo (235 mg, 73 %). Crystals 
suitable for X-ray diffraction were obtained by diffusion of water into a dimethylsulfoxide 
solution of the complex.  
1
H NMR (400 MHz, d6-dmso, δ (ppm), J (Hz)) δ 12.33 (br s, 2H, OH), 7.89 (t, 
3
JHH = 7.9, 
2H, Ar-H), 7.77 (d,
 3
JHH = 7.8, 2H, Ar-H), 7.31 – 7.22  (m, 4H, Ar-H), 7.03 (d,
 3
JHH = 8.2, 
2H, Ar-H), 6.14 (dd,
 3
JHH = 7.3,
 4
JHH = 2.2, 2H, Ar-H).  
13
C{
1
H} NMR (100 MHz, d6-dmso, δ (ppm), J (Hz)) δ 207.2 (s, CO), 204.3 (s, CO), 172.3 (s, 
C(Ar)), 163.1 (s, C(Ar)), 155.1 (s, C(Ar)), 154.0 (s, C(Ar)), 140.4 (s, C(Ar)), 137.44 (s, 
C(Ar)) , 117.0 (s, C(Ar)) , 113.3 (s, C(Ar)) , 111.0 (s, C(Ar)) , 108. 5 (s, C(Ar)).  
IR (KBr) ν(OH), 3470 (br) cm−1. ν(CO), 2020 (s), 1977 (m), 1915 (s), 1870 (w) cm−1.  
ESI/MS
+
 (m/z): 691[M + H]
+
.  
Anal. Calcd. for C24H14N4O8Ru2: C, 41.87; H, 2.05; N, 8.14. Found: C, 41.83; H, 2.02; N, 
8.10. 
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6.3.5 [Ru(6,6’-dioxy-2,2’-bipyridine)(CO)2]2[N
n
Bu4]2 
A 31.3 wt% solution of tetrabutylammonium 
hydroxide in anhydrous methanol (250mg of 
the solution, 0.30 mmol) was weighed into a 
25ml RBF and anhydrous acetonitrile (10 ml) 
was added. [Ru(6-hydroxy-6’-oxy-
2,2’-bipyridine)(CO)2]2 (104 mg, 0.15 mmol) was added and the suspension stirred at room 
temperature for 30 minutes. The volume of the resulting orange solution was reduced to 
around 1 ml and diethyl ether added to precipitate a yellow/orange powder that was collected 
by filtration, washed with diethyl ether and dried in vacuo (150 mg, 85 %).  
1
H NMR (400 MHz, CD2Cl2, δ (ppm), J (Hz)) δ 7.24 (t, 
3
JHH = 7.7, 2H, Ar-H), 7.10 (t, 
3
JHH= 
7.9, 2H, Ar-H), 6.85 (d,
 3
JHH = 7.3, 2H, Ar-H), 6.72  (d,
 3
JHH = 7.2, 2H, Ar-H), 6.38 (d,
 3
JHH = 
8.3, 2H, Ar-H), 6.06 (d,
 3
JHH = 8.5, 2H, Ar-H), 3.29 – 3.18 (m, 16H, NCH2), 1.66 – 1.58 (m, 
16H, CH2), 1.37 (h, 
3
JHH = 7.3, 16H, CH2), 0.95 (t, 
3
JHH = 7.2, 24H, CH3).  
13
C{
1
H} NMR (100 MHz, CD2Cl2, δ (ppm), J (Hz)) δ 210.3 (s, CO), 207.2 (s, CO), 173.16 
(s, C(Ar)), 170.0 (s, C(Ar)), 158.7 (s, C(Ar)), 155.5 (s, C(Ar)), 136.1 (s, C(Ar)), 136.0 (s, 
C(Ar)), 115.9 (s, C(Ar)), 114.5 (s, C(Ar)), 105.7 (s, C(Ar)), 102.7 (s, C(Ar)), 58.6 (s, NCH2), 
23.9 (s, CH2), 19.6 (s, CH2), 13.4 (s, CH3).  
IR (KBr) ν(CO), 1998 (s), 1949 (m), 1904 (s), 1871 (w) cm−1.  
ESI/MS
−
 (m/z): 688.88 [M + H]
−
 
Anal. Calcd. for C56H84N6O8Ru2: C, 57.42; H, 7.23; N, 7.17. Found: C, 57.28; H, 7.16; N, 
7.18. 
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6.3.6 [Ru(bipy)2(CO)2][B(C6F5)4]2 
A 100 ml Parr reactor with a glass liner was charged 
with [RuCl2(bipy)2] (500 mg, 1.03 mmol) and water 
(20 ml), then sealed, flushed (3 x 8 bar) and 
pressurised with carbon monoxide (20 bar). The 
reactor was heated at 140 °C for 18 hours in a graphite 
bath. After cooling to room temperature and venting the pressure, the resultant yellow 
solution was transferred to a 100 ml RBF and a solution of dimethylanilinium 
tetrakis(pentafluorophenyl)borate (1.654 g, 2.06 mmol) in DCM (15 ml) was added. The 
biphasic mixture was vigorously stirred until the yellow colour transferred to the organic 
layer, the organic layer was separated and the aqueous fraction extracted with DCM (3 x 15 
ml). The combined DCM fractions were washed with water (2 x 20 ml), dried over Na2SO4, 
filtered and the solvent removed under reduced pressure to give a yellow solid. This was 
washed with chloroform (4 x 20 ml), diethyl ether (3 x 20 ml) and hexane (3 x 20 ml) then 
dried in vacuo at 40 °C for 18 hours (1.097 g, 58 %). 
1
H NMR (400 MHz, CD2Cl2, δ (ppm), J (Hz)) δ 9.06 (d, 
3
JHH = 5.6, 2H, Ar-H), 8.55 – 8.50 
(m, 4H, Ar-H), 8.41 (d,
 3
JHH = 8.1, 2H, Ar-H), 8.26 (t,
 3
JHH = 8.4, 2H, Ar-H), 8.03 – 7.98 (m, 
2H, Ar-H), 7.56 – 7.51 (m, 2H, Ar-H), 7.36 (d, 3JHH = 5.4, 2H, Ar-H).  
13
C{
1
H} NMR (126 MHz, CD2Cl2, δ (ppm), J (Hz)) δ 189.25 (s, CO), 155.97 (s, C(Ar)), 
155.46 (s, C(Ar)), 154.55 (s, C(Ar)), 148.58 (s, C(Ar)), 148.44 (d,
 1
JCF = 239.8, C(Ar)), 
143.43 (s, C(Ar)), 138.52 (d,
 1
JCF = 243.8, C(Ar)), 136.59 (d,
 1
JCF = 241.2, C(Ar)), 131.09 (s, 
C(Ar)), 129.99 (s, C(Ar)), 126.31 (s, C(Ar)), 125.70 (s, C(Ar)), 125.06 – 123.35 (m, C(Ar)). 
19
F NMR (377 MHz, C6D5Cl, δ (ppm), J (Hz)) δ −132.88 – −133.08 (m, 8F, F(Ar)), −163.24 
(t, 
3
JFF = 20.3, 4F, F(Ar)), −167.20 – −167.40 (m, 8F, F(Ar)). 
IR (KBr) ν(CO), 2103 (s), 2055 (m) cm−1.  
ESI/MS
+
 (m/z): 1049.0 [M − (B(C6F5)4)]
+, 235.0 [M − 2(B(C6F5)4)]
2+
. 
Anal. Calcd. for C24H14N4O8Ru2: C, 46.00; H, 0.88; N, 3.07. Found: C, 45.86; H, 0.81; N, 
3.14. 
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6.3.7 [FeCl2(6,6’-bis(tert-butyldimethylsilyloxy)-2,2’-bipyridine)] 
THF (10 ml) was added by cannula to a Schlenk flask 
containing FeCl2 (265 mg, 2.09 mmol) and 6,6’-bis(tert-
butyldimethylsilyloxy)-2,2’-bipyridine (880 mg, 
2.09 mmol) and the suspension was stirred at room 
temperature overnight to give a red solution. The solution was filtered and the THF was 
removed under reduced pressure to leave a red residue which was dissolved in minimal 
DCM. After the addition of pentane a red precipitate was obtained that was isolated by 
filtration, washed with pentane and dried in vacuo (325 mg, 29 %).  
1
H NMR (400 MHz, C6D6, δ (ppm), J (Hz)) δ 63.45 (s br, 2H, Ar-H), 62.27 (s br, 2H, Ar-H), 
−4.13 (s br, 18H, Si(C(CH3)3)), −9.56 (s br, 12H, Si(CH3)2), −17.32 (s br, 2H, Ar-H).  
LSIMS/MS
+
 (m/z): 508 [M − Cl]+, 565 [M + Na]+.  
Anal. Calcd. for C22H36Cl2FeN2O2Si2: C, 48.62; H, 6.68; N, 5.15. Found: C, 48.45; H, 6.51; 
N, 5.32. 
 
6.3.8 [FeCl2(6,6”-diamino-2,2’:6’,2”-terpyridine)] 
THF (10 ml) was added by cannula to a Schlenk flask containing 
FeCl2 (41 mg, 0.32 mmol) and 6,6”-diamino-2,2’:6’,2”-
terpyridine (85 mg, 0.32 mmol) and the suspension was stirred at 
room temperature for 19 hours. The red precipitate was isolated 
by filtration, washed with diethyl ether and dried in vacuo (86 mg, 69 %).  
1
H NMR (400 MHz, CD3OD, δ (ppm), J (Hz)) δ 74.18 (s br, 2H, Ar-H), 55.59 (s br, 2H, Ar-
H), 54.72 (s br, 2H, Ar-H), 9.69 (s br, 2H, Ar-H), −2.22 (s br, 1H, Ar-H). 
ESI/MS
+
 (m/z): 354.0 [M − Cl]+, 395.1 [M – Cl + CH3CN]
+
.  
Anal. Calcd. for C15H13Cl2FeN5: C, 46.19; H, 3.36; N, 17.96. Found: C, 46.25; H, 3.47; N, 
17.79. 
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6.3.9 [RuHCl(CO)(PNP-
t
Bu)]  
[RuHCl(CO)(PPh3)3] (1.000 g, 1.05 mmol) and PNP-
t
Bu (0.500 g, 
1.26 mmol) were added to a Schlenk flask under a nitrogen 
atmosphere and dry THF (15 ml) was added by cannula. The 
suspension was heated at reflux for 3 hours, resulting in an orange 
solution and a yellow precipitate. The THF was reduced to about 5ml to complete the 
precipitation and the mixture was filtered to leave a yellow solid. This was dissolved in 
minimal DCM, and pentane added to precipitate a yellow powder that was washed with 
pentane and dried in vacuo (500 mg, 85 %).  
1
H NMR (400 MHz, CD3OD, δ (ppm), J (Hz)) δ 7.53 (t, 
3
JHH = 7.8, 1H, Ar-H), 6.50 (d, 
3
JHH 
= 8.0, 2H, Ar-H), 1.40 – 1.34 (m, 36H, C(CH3)3), −24.13 (t, 
2
JHP = 18.0, 1H, RuH).  
31
P NMR (162 MHz, CD3OD, δ (ppm), J (Hz)) δ 134.24 (d,
 2
JHP = 18.0).  
13
C{
1
H} NMR (126 MHz, CD3OD, δ (ppm), J (Hz)) δ 207.4 (t,
 2
JCP = 9.9, CO), 164.4 
(t,
 2
JCP = 7.4, C(Ar)), 143.1 (s, C(Ar)), 99.8 (t,
 3
JCP = 3.8, C(Ar)), 41.2 (t,
 1
JCP = 9.1, 
C(CH3)3), 39.2 (t,
 1
JCP = 10.9, C(CH3)3), 28.9 (t,
 2
JCP = 3.3, C(CH3)3), 28.6 (t,
 2
JCP = 3.3, 
C(CH3)3).  
IR (KBr), ν(CO) 1936 (s) cm−1, ν(RuH) 2113 (m) cm−1.  
LSIMS
+
 (m/z): 528 [M − Cl]+.  
Anal. Calcd. for C22H42ClN3OP2Ru: C, 46.93; H, 7.52; N, 7.46. Found: C, 46.81; H, 7.49; N, 
7.59. 
 
6.3.10 [RuH(CO)(PNP-
t
Bu)] 
[RuHCl(CO)(PNP-
t
Bu)] (120 mg, 0.213 mmol) and KO
t
Bu (30 mg, 
0.268 mmol) were added to a Schlenk flask in a nitrogen filled 
glovebox and dry THF (10 ml) was added. The suspension was stirred 
at room temperature until a red/orange solution was obtained (30 
minutes) and the THF was removed under reduced pressure. The red residue was extracted 
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with DCM (10 ml), filtered and the DCM removed under reduced pressure. The red powder 
was washed with pentane  at −78 °C and dried in vacuo (70 mg, 51 %).  
1
H NMR (400 MHz, C6D6, δ (ppm), J (Hz)) δ 6.94 – 6.89 (m, 1H, Ar-H), 6.79 (d, 
3
JHH = 8.4, 
1H, Ar-H), 5.18 (d, 
3
JHH = 7.2, 1H, Ar-H), 4.26 (br s, 1H, NH), 1.43 (d, 
3
JHP = 13.6, 9H, 
C(CH3)3), 1.29 (d, 
3
JHP = 12.8, 9H, C(CH3)3), 0.96 (d, 
3
JHP = 14.0, 9H, C(CH3)3), 0.89 (d, 
3
JHP = 13.6, 9H, C(CH3)3), −25.93 (t, 
2
JHP = 16.4, 1H, RuH).  
31
P{
1
H} NMR (162 MHz, C6D6, δ (ppm), J (Hz)) δ 130.69 (d,
 2
JPP = 220), 128.21 (d,
 
2
JPP = 220).  
13
C{
1
H} NMR (126 MHz, C6D6, δ (ppm), J (Hz)) δ 209.4 (dd,
 2
JCP = 9.8,
 2
JCP = 5.7, CO), 
173.9 (dd,
 2
JCP = 7.8,
 3
JCP = 2.0, C(Ar)), 160.6 (dd,
 2
JCP = 9.5,
 3
JCP = 7.7, C(Ar)), 138.0 (s, 
C(Ar)), 106.5 (d,
 3
JCP = 21.1, C(Ar)), 84.9 (d,
 3
JCP = 7.5, C(Ar)), 41.6 (dd,
 1
JCP = 23.7, 
3
JCP = 
3.0, C(CH3)3), 38.4 (d,
 1
JCP = 13.0, C(CH3)3), 36.3 (d,
 1
JCP = 15.9, C(CH3)3), 36.0 (dd,
 1
JCP = 
29.1,
 3
JCP = 4.6 C(CH3)3), 28.3 (d,
 2
JCP = 5.0, C(CH3)3), 27.9 (d,
 2
JCP = 4.5, C(CH3)3), 27.7 
(d,
 2
JCP = 6.6, C(CH3)3), 27.6 (d,
 2
JCP = 7.1, C(CH3)3).  
IR (KBr), ν(CO) 1885 (s) cm−1, ν(RuH) 2105 (m) cm−1.  
ESI/MS
+
 (m/z): 528 [M + H]
+
.  
Anal. Calcd. for C22H41N3OP2Ru: C, 50.18; H, 7.85; N, 7.98. Found: C, 49.99; H, 7.97; N, 
7.90. 
 
6.3.11 [RuH2(CO)(PNP-
t
Bu)] 
[RuH(CO)(PNP(
t
Bu))] (10 mg, 0.019 mmol) was dissolved in C6D6 
(0.5 ml) and added to a high pressure NMR tube in a nitrogen filled 
glovebox. The tube was freeze-thaw degassed and H2 (6 bar) 
emitted to the tube. [RuH2(CO)(PNP-
t
Bu)] was observed by 
1
H and 
31
P NMR spectroscopy, with ca. 10 % conversion of 
[Ru(PNP(
t
Bu))H(CO)] after 4 days at room temperature.  
1
H NMR (400 MHz, C6D6, δ (ppm), J (Hz)) δ 6.70 (t, 
3
JHH = 7.9, 1H, Ar-H), 5.42 (d, 
3
JHH = 
7.9, 2H, Ar-H), 4.63 (br s, 2H, NH), 1.49 – 1.41 (m, 36H, C(CH3)3), −5.34 (t, 
2
JHP = 18.7, 
2H, RuH).  
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31
P{
1
H} NMR (162 MHz, C6D6, δ (ppm), J (Hz)) δ 156.20 (s). 
 
6.3.12 [RuH(CO)2(PNP-
t
Bu)] 
[Ru3(CO)12] (100 mg, 0.16 mmol) and PNP(
t
Bu) (187 mg, 
0.47 mmol) were added to a Schlenk flask and dry toluene (5 ml) was 
then added. The orange/yellow suspension was heated at reflux for 17 
h and cooled to room temperature. Pentane (10 ml) was added to the 
resulting suspension to complete precipitation of the pink/orange powder that was isolated by 
filtration, washed with pentane and dried in vacuo. (172 mg, 66 %).  
1
H NMR (400 MHz, CD3OD, δ (ppm), J (Hz)) δ 7.30 (t, 
3
JHH = 8.3, 1H, Ar-H), 6.26 (d, 
3
JHH 
= 8.3, 2H, Ar-H), 1.52 (m, 18H, C(CH3)3), 1.39 (m, 18H, C(CH3)3), −6.34 (t, 
2
JHP = 19.0, 1H, 
RuH).  
31
P{
1
H} NMR (162 MHz, CD3OD, δ (ppm), J (Hz)) δ 141.20 (s).  
13
C{
1
H} NMR (101 MHz, CD3OD, δ (ppm), J (Hz)) δ 202.8 (m, CO), 200.6 (m, CO), 164.2 – 
163.5 (m, C(Ar)), 141.5 – 140.5 (m, C(Ar)), 100.0 – 99.1 (m, C(Ar)), 41.7 (m, C(CH3)3), 40.1 
(m, C(CH3)3), 30.1 (s, C(CH3)3), 28.8 (s, C(CH3)3).  
IR (KBr), ν(CO) 1989 (s), 1940 (s) cm−1, ν(RuH) 2044 (m) cm−1.  
ESI/MS
+
 (m/z): 528 [M – CO + H]+, 556 [M + H]+.  
Anal. Calcd. for C23H41N3O2P2Ru: C, 49.81; H, 7.45; N, 7.58. Found: C, 49.89; H, 7.32; N, 
7.50. 
 
6.3.13 [RuH(CO)2(PNP-
t
Bu)][B(3,5-(CF3)-C6H3)4] 
[RuH(CO)2(PNP-
t
Bu)] (50 mg, 0.09 mmol) and 
[H(Et2O)2][B(3,5-(CF3)-C6H3)4] (95 mg, 
0.09 mmol) were added to a Schlenk flask in a 
nitrogen filled glovebox and dry THF (5 ml) was 
added. The colourless solution was stirred at room temperature for 30 minutes, the THF was 
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reduced to about 0.5 ml and diethyl ether added to precipitate a cream powder. The crude 
product was dissolved in minimal DCM, precipitated with pentane, washed with pentane and 
dried in vacuo to give the pure product. (99 mg, 78 %). Crystals suitable for X-ray diffraction 
were obtained by diffusion of hexane into a benzene solution of the complex.  
1
H NMR (400 MHz, C6D5Cl, δ (ppm), J (Hz)) δ 8.41 (br s, 8H, Ar-H), 7.76 (br s, 4H, Ar-H), 
7.06 (t, 
3
JHH = 8.1, 1H, Ar-H), 6.10 (d, 
3
JHH = 8.1, 2H, Ar-H), 5.27 (br s, 2H, NH), 1.33 – 
1.25 (m, 18H, C(CH3)3), 1.23 – 1.14 (m, 18H, C(CH3)3), −6.62 (t, 
2
JHP = 19.6, 1H, RuH).  
31
P{
1
H} NMR (162 MHz, C6D5Cl, δ (ppm), J (Hz)) δ 142.69 (s).
  
19
F NMR (377 MHz, C6D5Cl, δ (ppm), J (Hz)) δ −62.33 (s). 
13
C{
1
H} NMR (101 MHz, C6D5Cl, δ (ppm), J (Hz)) δ 198.5 (m, CO), 196.5 (m, CO), 162.4 
(q,
 1
JCB = 49.8, C(Ar)), 159.0 (t,
 2
JCP = 5.6, C(Ar)), 141.4, 135.2, 133.9, 127.7, 125.5, 123.8, 
121.7, 117.8 (m, C(Ar)), 100.0, 40.6 (t,
 1
JCP = 9.9, C(CH3)3), 38.9 (t,
 1
JCP = 8.9, C(CH3)3), 
28.6, 27.6.  
IR (KBr), ν(CO) 2017, 1986 cm−1, ν(RuH) 2080 cm−1.  
ESI/MS
+
 (m/z): 528.2 [M – CO]+, 556.2 [M]+.  
Anal. Calcd. for C55H54BF24N3O2P2Ru: C, 46.56; H, 3.84; N, 2.96. Found: C, 46.42; H, 3.82; 
N, 3.09. 
 
6.3.14 [RuH(CO)2(PCP-
t
Bu)] 
[Ru3(CO)12] (260 mg, 0.407 mmol) and PCP-
t
Bu (484 mg, 
1.22 mmol) were added to a Schlenk flask and dry toluene (30 ml) 
was added. The orange/yellow suspension was heated at reflux for 16 
hours then cooled to room temperature. The brown solution was then 
filtered and the toluene was removed under reduced pressure. Hexane was added to the 
brown residue to give a light brown powder that was isolated by filtration, washed with 
hexane and dried in vacuo. (359 mg, 53 %).  
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1
H NMR (400 MHz, C6D6, δ (ppm), J (Hz)) δ 6.98 (t, 
3
JHH = 7.7, 1H, Ar-H), 6.26 (d, 
3
JHH = 7.7, 2H, Ar-H), 3.93 (br s, 2H, NH), 1.25 – 1.16 (m, 18H, C(CH3)3), 1.19 – 1.11 (m, 
18H, C(CH3)3), −7.69 (t, 
2
JHP = 21.1, 1H, RuH).  
31
P{
1
H} NMR (162 MHz, C6D6, δ (ppm), J (Hz)) δ 148.41 (s).  
13
C{
1
H} NMR (101 MHz, C6D6, δ (ppm), J (Hz)) δ 202.5 (t,
 2
JCP = 7.1, CO), 202.2 (t,
 
2
JCP = 7.1, CO), 155.1 (t,
 2
JCP = 10.5, C(Ar)), 131.5 (t,
 2
JCP = 7.0, C(Ar)), 124.5 (s, C(Ar)) 
100.7 (t,
 3
JCP = 6.1, C(Ar)), 40.8 (t,
 1
JCP = 9.9, C(CH3)3), 38.4 (t,
 1
JCP = 10.3, C(CH3)3), 29.5 
(t,
 2
JCP = 3.6, C(CH3)3), 28.5 (t,
 2
JCP = 3.2, C(CH3)3).  
IR (KBr), ν(CO) 1977 (s), 1921 (s) cm−1, ν(RuH) 2025 (m) cm−1.  
ESI/MS
+
 (m/z): 553 [M − H]+.  
Anal. Calcd. for C24H42N2O2P2Ru: C, 52.07; H, 7.65; N, 5.06. Found: C, 51.87; H, 7.77; N, 
4.98. 
 
6.4 General procedure for reactor experiments 
6.4.1 Procedure for non-air sensitive reaction mixtures 
The reaction mixture, consisting of substrate, catalyst, standard and solvent were added to a 
glass sleeve in a 100 ml Parr reactor along with a stirrer bar and the reactor was sealed. The 
reactor was flushed with the desired gas (3 x 8 bar), with stirring while pressurised to aid 
saturation of the liquid phase with the desired gas. The reactor was then pressurised to the 
specified level of the desired gas and heated to the specified temperature in a graphite bath, 
which was pre-heated to the specified temperature to minimise the time taken to heat the 
reactor up. After the specified time period, measuring from the point of the inside of the 
reactor reaching the specified temperature, the reactor was removed from the graphite bath, 
cooled in ice/water and the pressure vented. The reaction mixture was then stored in a glass 
vial and analysed by gas chromatography or NMR spectroscopy. 
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6.4.2 Procedure for air sensitive reaction mixtures 
A similar procedure to 5.4.1. was followed, with the exception that the reaction mixture was 
added to the pre-flushed reactor under nitrogen or under the specified gas, from a Schlenk 
flask via cannula or syringe. 
 
6.5 General procedure for NMR experiments 
6.5.1 Procedure for pressurised NMR experiments 
The solid reactants and solvent were added to an NMR tube and the tube was sealed. The 
solution was freeze-pump-thaw degassed, backfilled to the required pressure with the 
specified gas and re-sealed. The reaction was monitored by NMR spectroscopy of the 
relevant nuclei. 
6.5.2 Procedure for NMR reactions starting at low temperature 
The solid reactants were added to an NMR tube and the solvent was added to a different tube. 
The solvent was frozen and, under reduced pressure, thawed and condensed into to the tube 
containing the reactants. The tube was then transferred to a pre-cooled NMR spectrometer, 
and the reaction monitored by NMR spectrocopy. 
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Appendix A: Crystal structure data 
A.1. Crystal data and structure refinement for [RuCl2(dhbipy)2] (6) 
 
Table 1. Crystal data and structure refinement for GB1205b. 
Identification code GB1205b 
Formula C20 H16 Cl2 N4 O4 Ru, 2.75(C3 H7 N O) 
Formula weight 749.35 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Monoclinic, C2/c 
Unit cell dimensions a = 44.8386(16) Å α = 90° 
 b = 13.03037(14) Å β = 136.261(7)° 
 c = 32.7029(12) Å γ = 90° 
Volume, Z 13210.2(18) Å3, 16 
Density (calculated) 1.507 Mg/m3 
Absorption coefficient 5.785 mm-1 
F(000) 6144 
Crystal colour / morphology Black needles 
Crystal size 0.29 x 0.06 x 0.05 mm3 
θ range for data collection 3.65 to 72.55° 
Index ranges -51<=h<=55, -15<=k<=16, -39<=l<=40 
Reflns collected / unique 50112 / 12916 [R(int) = 0.0249] 
Reflns observed [F>4σ(F)] 10942 
Absorption correction Analytical 
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Max. and min. transmission 0.764 and 0.431 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12916 / 667 / 968 
Goodness-of-fit on F2 1.049 
Final R indices [F>4σ(F)] R1 = 0.0461, wR2 = 0.1381 
R indices (all data) R1 = 0.0539, wR2 = 0.1457 
Largest diff. peak, hole 1.001, -0.787 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 
 
Table 2. Bond lengths [Å] and angles [°] for GB1205b. 
Ru(1A)-N(1A) 2.039(3) 
Ru(1A)-N(21A) 2.056(3) 
Ru(1A)-N(32A) 2.086(3) 
Ru(1A)-N(12A) 2.095(3) 
Ru(1A)-Cl(1A) 2.4124(9) 
Ru(1A)-Cl(2A) 2.4138(10) 
N(1A)-C(2A) 1.364(5) 
N(1A)-C(6A) 1.367(5) 
C(2A)-O(13A) 1.290(5) 
C(2A)-C(3A) 1.398(5) 
C(3A)-C(4A) 1.341(7) 
C(4A)-C(5A) 1.401(8) 
C(5A)-C(6A) 1.370(6) 
C(6A)-C(7A) 1.467(6) 
C(7A)-N(12A) 1.360(5) 
C(7A)-C(8A) 1.383(6) 
C(8A)-C(9A) 1.399(7) 
C(9A)-C(10A) 1.331(8) 
C(10A)-C(11A) 1.400(6) 
C(11A)-O(14A) 1.318(6) 
C(11A)-N(12A) 1.353(5) 
N(21A)-C(22A) 1.354(5) 
N(21A)-C(26A) 1.378(5) 
C(22A)-O(33A) 1.295(5) 
C(22A)-C(23A) 1.416(5) 
C(23A)-C(24A) 1.361(6) 
C(24A)-C(25A) 1.374(7) 
C(25A)-C(26A) 1.374(6) 
C(26A)-C(27A) 1.464(6) 
C(27A)-N(32A) 1.369(5) 
C(27A)-C(28A) 1.374(5) 
C(28A)-C(29A) 1.386(7) 
C(29A)-C(30A) 1.359(7) 
C(30A)-C(31A) 1.412(6) 
C(31A)-O(34A) 1.328(5) 
C(31A)-N(32A) 1.332(5) 
Ru(1B)-N(21B) 2.037(3) 
Ru(1B)-N(1B) 2.045(3) 
Ru(1B)-N(12B) 2.095(3) 
Ru(1B)-N(32B) 2.104(3) 
Ru(1B)-Cl(1B) 2.3981(10) 
Ru(1B)-Cl(2B) 2.4000(10) 
N(1B)-C(2B) 1.362(5) 
N(1B)-C(6B) 1.385(5) 
C(2B)-O(13B) 1.293(5) 
C(2B)-C(3B) 1.406(5) 
C(3B)-C(4B) 1.366(7) 
C(4B)-C(5B) 1.387(8) 
C(5B)-C(6B) 1.356(6) 
C(6B)-C(7B) 1.466(6) 
C(7B)-N(12B) 1.367(5) 
C(7B)-C(8B) 1.391(6) 
C(8B)-C(9B) 1.385(8) 
C(9B)-C(10B) 1.366(8) 
C(10B)-C(11B) 1.387(7) 
C(11B)-O(14B) 1.313(6) 
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C(11B)-N(12B) 1.349(6) 
N(21B)-C(22B) 1.366(5) 
N(21B)-C(26B) 1.376(5) 
C(22B)-O(33B) 1.294(5) 
C(22B)-C(23B) 1.405(6) 
C(23B)-C(24B) 1.345(7) 
C(24B)-C(25B) 1.396(7) 
C(25B)-C(26B) 1.377(6) 
C(26B)-C(27B) 1.459(6) 
C(27B)-N(32B) 1.370(5) 
C(27B)-C(28B) 1.379(6) 
C(28B)-C(29B) 1.372(7) 
C(29B)-C(30B) 1.360(8) 
C(30B)-C(31B) 1.397(7) 
C(31B)-O(34B) 1.328(6) 
C(31B)-N(32B) 1.343(6) 
 
N(1A)-Ru(1A)-N(21A) 92.11(12) 
N(1A)-Ru(1A)-N(32A) 99.34(12) 
N(21A)-Ru(1A)-N(32A) 79.47(12) 
N(1A)-Ru(1A)-N(12A) 79.07(12) 
N(21A)-Ru(1A)-N(12A) 101.49(12) 
N(32A)-Ru(1A)-N(12A) 178.15(13) 
N(1A)-Ru(1A)-Cl(1A) 178.81(10) 
N(21A)-Ru(1A)-Cl(1A) 87.41(8) 
N(32A)-Ru(1A)-Cl(1A) 81.64(8) 
N(12A)-Ru(1A)-Cl(1A) 99.96(9) 
N(1A)-Ru(1A)-Cl(2A) 90.00(9) 
N(21A)-Ru(1A)-Cl(2A) 177.49(8) 
N(32A)-Ru(1A)-Cl(2A) 98.86(9) 
N(12A)-Ru(1A)-Cl(2A) 80.24(9) 
Cl(1A)-Ru(1A)-Cl(2A) 90.50(4) 
C(2A)-N(1A)-C(6A) 119.4(3) 
C(2A)-N(1A)-Ru(1A) 126.1(2) 
C(6A)-N(1A)-Ru(1A) 114.1(3) 
O(13A)-C(2A)-N(1A) 118.3(3) 
O(13A)-C(2A)-C(3A) 122.5(4) 
N(1A)-C(2A)-C(3A) 119.2(4) 
C(4A)-C(3A)-C(2A) 121.2(4) 
C(3A)-C(4A)-C(5A) 119.5(4) 
C(6A)-C(5A)-C(4A) 118.7(4) 
N(1A)-C(6A)-C(5A) 121.6(4) 
N(1A)-C(6A)-C(7A) 115.4(4) 
C(5A)-C(6A)-C(7A) 122.9(4) 
N(12A)-C(7A)-C(8A) 121.8(4) 
N(12A)-C(7A)-C(6A) 115.1(3) 
C(8A)-C(7A)-C(6A) 123.0(4) 
C(7A)-C(8A)-C(9A) 118.9(5) 
C(10A)-C(9A)-C(8A) 119.4(4) 
C(9A)-C(10A)-C(11A) 120.4(4) 
O(14A)-C(11A)-N(12A) 120.9(4) 
O(14A)-C(11A)-C(10A) 117.8(4) 
N(12A)-C(11A)-C(10A) 121.3(4) 
C(11A)-N(12A)-C(7A) 118.1(3) 
C(11A)-N(12A)-Ru(1A) 128.3(3) 
C(7A)-N(12A)-Ru(1A) 113.1(3) 
C(22A)-N(21A)-C(26A) 119.6(3) 
C(22A)-N(21A)-Ru(1A) 126.3(2) 
C(26A)-N(21A)-Ru(1A) 113.8(3) 
O(33A)-C(22A)-N(21A) 118.2(3) 
O(33A)-C(22A)-C(23A) 121.8(4) 
N(21A)-C(22A)-C(23A) 120.0(3) 
C(24A)-C(23A)-C(22A) 119.7(4) 
C(23A)-C(24A)-C(25A) 119.9(4) 
C(24A)-C(25A)-C(26A) 120.2(4) 
C(25A)-C(26A)-N(21A) 120.6(4) 
C(25A)-C(26A)-C(27A) 123.7(4) 
N(21A)-C(26A)-C(27A) 115.6(3) 
N(32A)-C(27A)-C(28A) 121.6(4) 
N(32A)-C(27A)-C(26A) 115.4(3) 
C(28A)-C(27A)-C(26A) 122.8(4) 
C(27A)-C(28A)-C(29A) 119.5(4) 
C(30A)-C(29A)-C(28A) 119.7(4) 
C(29A)-C(30A)-C(31A) 118.4(4) 
O(34A)-C(31A)-N(32A) 121.1(4) 
O(34A)-C(31A)-C(30A) 116.3(4) 
N(32A)-C(31A)-C(30A) 122.6(4) 
C(31A)-N(32A)-C(27A) 118.1(3) 
C(31A)-N(32A)-Ru(1A) 128.5(3) 
C(27A)-N(32A)-Ru(1A) 113.3(3) 
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N(21B)-Ru(1B)-N(1B) 90.25(12) 
N(21B)-Ru(1B)-N(12B) 100.18(13) 
N(1B)-Ru(1B)-N(12B) 79.29(13) 
N(21B)-Ru(1B)-N(32B) 79.03(13) 
N(1B)-Ru(1B)-N(32B) 102.09(12) 
N(12B)-Ru(1B)-N(32B) 178.39(12) 
N(21B)-Ru(1B)-Cl(1B) 91.20(9) 
N(1B)-Ru(1B)-Cl(1B) 178.01(9) 
N(12B)-Ru(1B)-Cl(1B) 99.10(9) 
N(32B)-Ru(1B)-Cl(1B) 79.53(8) 
N(21B)-Ru(1B)-Cl(2B) 177.05(9) 
N(1B)-Ru(1B)-Cl(2B) 87.26(9) 
N(12B)-Ru(1B)-Cl(2B) 80.92(9) 
N(32B)-Ru(1B)-Cl(2B) 99.94(9) 
Cl(1B)-Ru(1B)-Cl(2B) 91.33(4) 
C(2B)-N(1B)-C(6B) 119.6(3) 
C(2B)-N(1B)-Ru(1B) 125.6(2) 
C(6B)-N(1B)-Ru(1B) 114.6(3) 
O(13B)-C(2B)-N(1B) 118.3(3) 
O(13B)-C(2B)-C(3B) 122.4(4) 
N(1B)-C(2B)-C(3B) 119.4(4) 
C(4B)-C(3B)-C(2B) 120.1(4) 
C(3B)-C(4B)-C(5B) 119.8(4) 
C(6B)-C(5B)-C(4B) 119.6(4) 
C(5B)-C(6B)-N(1B) 121.2(4) 
C(5B)-C(6B)-C(7B) 123.5(4) 
N(1B)-C(6B)-C(7B) 115.3(3) 
N(12B)-C(7B)-C(8B) 122.1(4) 
N(12B)-C(7B)-C(6B) 115.3(3) 
C(8B)-C(7B)-C(6B) 122.5(4) 
C(9B)-C(8B)-C(7B) 118.6(5) 
C(10B)-C(9B)-C(8B) 119.6(5) 
C(9B)-C(10B)-C(11B) 119.8(5) 
O(14B)-C(11B)-N(12B) 121.0(4) 
O(14B)-C(11B)-C(10B) 117.1(4) 
N(12B)-C(11B)-C(10B) 121.9(4) 
C(11B)-N(12B)-C(7B) 118.0(4) 
C(11B)-N(12B)-Ru(1B) 128.2(3) 
C(7B)-N(12B)-Ru(1B) 113.7(3) 
C(22B)-N(21B)-C(26B) 119.3(3) 
C(22B)-N(21B)-Ru(1B) 125.8(2) 
C(26B)-N(21B)-Ru(1B) 114.9(3) 
O(33B)-C(22B)-N(21B) 119.2(3) 
O(33B)-C(22B)-C(23B) 121.6(4) 
N(21B)-C(22B)-C(23B) 119.2(4) 
C(24B)-C(23B)-C(22B) 121.1(4) 
C(23B)-C(24B)-C(25B) 119.7(4) 
C(26B)-C(25B)-C(24B) 119.0(4) 
N(21B)-C(26B)-C(25B) 121.3(4) 
N(21B)-C(26B)-C(27B) 115.6(3) 
C(25B)-C(26B)-C(27B) 123.0(4) 
N(32B)-C(27B)-C(28B) 121.6(4) 
N(32B)-C(27B)-C(26B) 115.1(3) 
C(28B)-C(27B)-C(26B) 123.2(4) 
C(29B)-C(28B)-C(27B) 119.6(5) 
C(30B)-C(29B)-C(28B) 119.6(4) 
C(29B)-C(30B)-C(31B) 119.1(4) 
O(34B)-C(31B)-N(32B) 120.2(4) 
O(34B)-C(31B)-C(30B) 117.6(4) 
N(32B)-C(31B)-C(30B) 122.2(4) 
C(31B)-N(32B)-C(27B) 117.7(3) 
C(31B)-N(32B)-Ru(1B) 128.7(3) 
C(27B)-N(32B)-Ru(1B) 113.1(3) 
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A.2. Crystal data and structure refinement for 
 [Ru(6-hydroxy-6’-oxy-2,2’-bipyridine)(CO)2]2  (7) 
 
Table 1. Crystal data and structure refinement for GB1304. 
 
Identification code GB1304 
Formula C24 H14 N4 O8 Ru2 
Formula weight 688.53 
Temperature 173 K 
Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 
Crystal system, space group Monoclinic, C 2/m 
Unit cell dimensions a = 15.6874(5) Å α = 90° 
 b = 9.0702(2) Å β = 104.580(3)° 
 c = 8.5686(2) Å γ = 90° 
Volume, Z 1179.95(6) Å3, 2 
Density (calculated) 1.938 Mg/m3 
Absorption coefficient 10.897 mm-1 
F(000) 676 
Crystal colour / morphology Yellow blocks 
Crystal size 0.10 x 0.06 x 0.04 mm3 
σ range for data collection 5.334 to 73.584° 
Index ranges -17<=h<=19, -10<=k<=11, -10<=l<=7 
Reflns collected / unique 3492 / 1233 [R(int) = 0.0391] 
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Reflns observed [F>4θ(F)] 1170 
Absorption correction Analytical 
Max. and min. transmission 0.677 and 0.514 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1233 / 0 / 170 
Goodness-of-fit on F2 1.119 
Final R indices [F>4θ(F)] R1 = 0.0341, wR2 = 0.0815 
R indices (all data) R1 = 0.0363, wR2 = 0.0847 
Largest diff. peak, hole 1.568, -0.507 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Table 2. Bond lengths [Å] and angles [°] for GB1304. 
 
Ru(1)-C(14) 1.894(7) 
Ru(1)-C(13) 1.992(7) 
Ru(1)-N(1) 2.029(5) 
Ru(1)-N(12) 2.151(5) 
Ru(1)-Ru(1)#1 2.6579(6) 
N(1)-C(6) 1.355(8) 
N(1)-C(2) 1.361(8) 
C(2)-O(2) 1.303(7) 
C(2)-C(3) 1.408(8) 
C(3)-C(4) 1.369(10) 
C(4)-C(5) 1.405(10) 
C(5)-C(6) 1.392(9) 
C(6)-C(7) 1.482(9) 
C(7)-N(12) 1.366(8) 
C(7)-C(8) 1.384(9) 
C(8)-C(9) 1.403(10) 
C(9)-C(10) 1.367(11) 
C(10)-C(11) 1.398(10) 
C(11)-O(11) 1.330(10) 
C(11)-N(12) 1.342(8) 
O(2)-Ru(1)#1 2.107(4) 
C(13)-O(13) 1.119(9) 
C(14)-O(14) 1.151(9) 
 
C(14)-Ru(1)-C(13) 82.8(3) 
C(14)-Ru(1)-N(1) 92.0(4) 
C(13)-Ru(1)-N(1) 174.7(2) 
C(14)-Ru(1)-N(12) 101.8(3) 
C(13)-Ru(1)-N(12) 103.1(2) 
N(1)-Ru(1)-N(12) 78.7(2) 
C(14)-Ru(1)-Ru(1)#1 93.5(2) 
C(13)-Ru(1)-Ru(1)#1 95.97(19) 
N(1)-Ru(1)-Ru(1)#1 83.49(16) 
N(12)-Ru(1)-Ru(1)#1 156.82(13) 
 
C(6)-N(1)-C(2) 120.3(6) 
C(6)-N(1)-Ru(1) 116.8(4) 
C(2)-N(1)-Ru(1) 122.6(4) 
O(2)-C(2)-N(1) 119.0(5) 
O(2)-C(2)-C(3) 120.8(6) 
N(1)-C(2)-C(3) 120.2(6) 
C(4)-C(3)-C(2) 119.6(6) 
C(3)-C(4)-C(5) 120.1(5) 
C(6)-C(5)-C(4) 118.4(6) 
N(1)-C(6)-C(5) 121.5(6) 
N(1)-C(6)-C(7) 115.5(5) 
C(5)-C(6)-C(7) 123.1(6) 
N(12)-C(7)-C(8) 122.6(6) 
N(12)-C(7)-C(6) 115.5(5) 
C(8)-C(7)-C(6) 122.0(6) 
C(7)-C(8)-C(9) 117.1(6) 
C(10)-C(9)-C(8) 121.1(6) 
C(9)-C(10)-C(11) 118.3(6) 
O(11)-C(11)-N(12) 115.7(6) 
O(11)-C(11)-C(10) 122.2(6) 
N(12)-C(11)-C(10) 122.1(6) 
C(11)-N(12)-C(7) 118.7(5) 
C(11)-N(12)-Ru(1) 128.4(4) 
C(7)-N(12)-Ru(1) 112.4(4) 
C(2)-O(2)-Ru(1)#1 116.1(4) 
O(13)-C(13)-Ru(1) 176.2(6) 
O(14)-C(14)-Ru(1) 174.8(7) 
 
Symmetry transformations used to generate 
equivalent atoms: 
#1 -x+1,-y+1,-z+1 
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A.3. Crystal data and structure refinement for 
 [RuH(CO)2(PNP-
t
Bu)][BAr
F
24]  (16) 
 
Table 1. Crystal data and structure refinement for GB1305. 
 
Identification code GB1305 
Formula C32 H12 B F24, C23 H42 N3 O2 P2 Ru, C6 H6 
Formula weight 1496.94 
Temperature 173 K 
Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 
Crystal system, space group Triclinic, P -1 
Unit cell dimensions a = 12.6968(6) Å α = 96.414(4)° 
 b = 15.2926(7) Å β = 101.747(4)° 
 c = 18.4337(8) Å γ = 106.209(4)° 
Volume, Z 3310.4(3) Å3, 2 
Density (calculated) 1.502 Mg/m3 
Absorption coefficient 3.377 mm-1 
F(000) 1516 
Crystal colour / morphology Pale yellow shards 
Crystal size 0.13 x 0.08 x 0.06 mm3 
σ range for data collection 2.489 to 73.890° 
Index ranges -15<=h<=15, -17<=k<=18, -13<=l<=22 
Reflns collected / unique 19844 / 12615 [R(int) = 0.0372] 
Reflns observed [F>4θ(F)] 8635 
Absorption correction Analytical 
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Max. and min. transmission 0.849 and 0.770 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12615 / 750 / 1001 
Goodness-of-fit on F2 1.032 
Final R indices [F>4θ(F)] R1 = 0.0700, wR2 = 0.1612 
R indices (all data) R1 = 0.1051, wR2 = 0.1817 
Largest diff. peak, hole 0.572, -0.783 eÅ-3 
Mean and maximum shift/error 0.000 and 0.003 
 
 
Table 2. Bond lengths [Å] and angles [°] for GB1305. 
 
Ru(1)-C(28) 1.878(8) 
Ru(1)-C(27) 1.976(8) 
Ru(1)-N(1) 2.115(4) 
Ru(1)-P(8) 2.345(3) 
Ru(1)-P(10) 2.357(3) 
N(1)-C(2) 1.3900 
N(1)-C(6) 1.3900 
C(2)-N(7) 1.365(6) 
C(2)-C(3) 1.3900 
C(3)-C(4) 1.3900 
C(4)-C(5) 1.3900 
C(5)-C(6) 1.3900 
C(6)-N(9) 1.361(7) 
N(7)-P(8) 1.709(6) 
P(8)-C(15) 1.873(8) 
P(8)-C(11) 1.899(8) 
N(9)-P(10) 1.711(6) 
P(10)-C(19) 1.877(8) 
P(10)-C(23) 1.878(11) 
C(11)-C(12) 1.527(11) 
C(11)-C(13) 1.539(10) 
C(11)-C(14) 1.540(11) 
C(15)-C(16) 1.489(12) 
C(15)-C(17) 1.527(11) 
C(15)-C(18) 1.531(10) 
C(19)-C(21) 1.518(12) 
C(19)-C(20) 1.531(13) 
C(19)-C(22) 1.542(10) 
C(23)-C(24) 1.522(16) 
C(23)-C(26) 1.525(16) 
C(23)-C(25) 1.554(14) 
C(27)-O(27) 1.147(9) 
C(28)-O(28) 1.145(8) 
Ru(1')-C(28') 1.870(12) 
Ru(1')-C(27') 1.965(13) 
Ru(1')-N(1') 2.108(9) 
Ru(1')-P(8') 2.338(7) 
Ru(1')-P(10') 2.341(10) 
N(1')-C(2') 1.3900 
N(1')-C(6') 1.3900 
C(2')-N(7') 1.358(12) 
C(2')-C(3') 1.3900 
C(3')-C(4') 1.3900 
C(4')-C(5') 1.3900 
C(5')-C(6') 1.3900 
C(6')-N(9') 1.363(13) 
N(7')-P(8') 1.720(12) 
P(8')-C(11') 1.871(14) 
P(8')-C(15') 1.901(15) 
N(9')-P(10') 1.714(14) 
P(10')-C(23') 1.869(17) 
P(10')-C(19') 1.894(15) 
C(11')-C(12') 1.516(17) 
C(11')-C(13') 1.549(16) 
C(11')-C(14') 1.557(17) 
C(15')-C(16') 1.505(19) 
C(15')-C(18') 1.520(17) 
C(15')-C(17') 1.535(18) 
C(19')-C(20') 1.521(19) 
C(19')-C(21') 1.522(18) 
C(19')-C(22') 1.538(17) 
C(23')-C(24') 1.53(2) 
C(23')-C(25') 1.54(2) 
C(23')-C(26') 1.54(2) 
C(27')-O(27') 1.155(15) 
C(28')-O(28') 1.146(13) 
B(30)-C(39) 1.624(6) 
B(30)-C(55) 1.636(7) 
B(30)-C(47) 1.639(6) 
B(30)-C(31) 1.646(7) 
C(31)-C(32) 1.394(6) 
C(31)-C(36) 1.396(6) 
C(32)-C(33) 1.396(6) 
C(33)-C(34) 1.390(7) 
C(33)-C(37) 1.486(7) 
C(34)-C(35) 1.377(6) 
C(35)-C(36) 1.398(6) 
C(35)-C(38) 1.490(7) 
C(37)-F(37A) 1.327(6) 
C(37)-F(37B) 1.335(6) 
C(37)-F(37C) 1.348(6) 
C(38)-F(38B) 1.286(6) 
C(38)-F(38A) 1.303(6) 
C(38)-F(38C) 1.343(7) 
C(39)-C(44) 1.394(6) 
C(39)-C(40) 1.403(6) 
Chapter 7                                                                                                                   Appendices 
145 
 
C(40)-C(41) 1.382(6) 
C(41)-C(42) 1.386(7) 
C(41)-C(45') 1.490(16) 
C(41)-C(45) 1.499(8) 
C(42)-C(43) 1.382(7) 
C(43)-C(44) 1.396(6) 
C(43)-C(46) 1.492(7) 
C(45)-F(45C) 1.300(8) 
C(45)-F(45A) 1.319(8) 
C(45)-F(45B) 1.321(7) 
C(45')-F(45E) 1.305(14) 
C(45')-F(45D) 1.305(14) 
C(45')-F(45F) 1.307(14) 
C(46)-F(46A) 1.284(6) 
C(46)-F(46C) 1.298(7) 
C(46)-F(46B) 1.322(7) 
C(47)-C(48) 1.391(6) 
C(47)-C(52) 1.404(6) 
C(48)-C(49) 1.399(6) 
C(49)-C(50) 1.373(7) 
C(49)-C(53') 1.487(18) 
C(49)-C(53) 1.496(8) 
C(50)-C(51) 1.390(7) 
C(51)-C(52) 1.386(6) 
C(51)-C(54) 1.494(7) 
C(53)-F(53C) 1.317(7) 
C(53)-F(53B) 1.321(8) 
C(53)-F(53A) 1.325(8) 
C(53')-F(53D) 1.315(15) 
C(53')-F(53F) 1.316(15) 
C(53')-F(53E) 1.318(15) 
C(54)-F(54A) 1.331(6) 
C(54)-F(54B) 1.331(6) 
C(54)-F(54C) 1.335(6) 
C(55)-C(56) 1.395(6) 
C(55)-C(60) 1.402(6) 
C(56)-C(57) 1.385(6) 
C(57)-C(58) 1.388(7) 
C(57)-C(61') 1.491(17) 
C(57)-C(61) 1.497(9) 
C(58)-C(59) 1.377(7) 
C(59)-C(60) 1.394(6) 
C(59)-C(62) 1.492(7) 
C(61)-F(61B) 1.313(8) 
C(61)-F(61A) 1.330(8) 
C(61)-F(61C) 1.353(8) 
C(61')-F(61D) 1.316(14) 
C(61')-F(61E) 1.327(14) 
C(61')-F(61F) 1.329(14) 
C(62)-F(62A) 1.297(6) 
C(62)-F(62C) 1.318(6) 
C(62)-F(62B) 1.356(7) 
C(71)-C(72) 1.3900 
C(71)-C(76) 1.3900 
C(72)-C(73) 1.3900 
C(73)-C(74) 1.3900 
C(74)-C(75) 1.3900 
C(75)-C(76) 1.3900 
C(71')-C(72') 1.3900 
C(71')-C(76') 1.3900 
C(72')-C(73') 1.3900 
C(73')-C(74') 1.3900 
C(74')-C(75') 1.3900 
C(75')-C(76') 1.3900 
 
C(28)-Ru(1)-C(27) 95.6(4) 
C(28)-Ru(1)-N(1) 175.1(4) 
C(27)-Ru(1)-N(1) 89.2(3) 
C(28)-Ru(1)-P(8) 97.3(2) 
C(27)-Ru(1)-P(8) 97.4(2) 
N(1)-Ru(1)-P(8) 81.05(15) 
C(28)-Ru(1)-P(10) 99.5(2) 
C(27)-Ru(1)-P(10) 97.9(3) 
N(1)-Ru(1)-P(10) 80.83(17) 
P(8)-Ru(1)-P(10) 156.02(15) 
C(2)-N(1)-C(6) 120.0 
C(2)-N(1)-Ru(1) 120.2(3) 
C(6)-N(1)-Ru(1) 119.8(3) 
N(7)-C(2)-N(1) 116.3(4) 
N(7)-C(2)-C(3) 123.7(4) 
N(1)-C(2)-C(3) 120.0 
C(2)-C(3)-C(4) 120.0 
C(3)-C(4)-C(5) 120.0 
C(4)-C(5)-C(6) 120.0 
N(9)-C(6)-C(5) 124.0(5) 
N(9)-C(6)-N(1) 116.0(5) 
C(5)-C(6)-N(1) 120.0 
C(2)-N(7)-P(8) 122.1(5) 
N(7)-P(8)-C(15) 105.5(4) 
N(7)-P(8)-C(11) 102.7(4) 
C(15)-P(8)-C(11) 111.3(4) 
N(7)-P(8)-Ru(1) 99.3(2) 
C(15)-P(8)-Ru(1) 117.9(3) 
C(11)-P(8)-Ru(1) 117.2(3) 
C(6)-N(9)-P(10) 122.1(5) 
N(9)-P(10)-C(19) 103.1(5) 
N(9)-P(10)-C(23) 104.2(7) 
C(19)-P(10)-C(23) 111.9(6) 
N(9)-P(10)-Ru(1) 98.0(3) 
C(19)-P(10)-Ru(1) 120.6(4) 
C(23)-P(10)-Ru(1) 115.5(4) 
C(12)-C(11)-C(13) 109.1(7) 
C(12)-C(11)-C(14) 106.5(7) 
C(13)-C(11)-C(14) 109.8(8) 
C(12)-C(11)-P(8) 109.3(6) 
C(13)-C(11)-P(8) 108.7(5) 
C(14)-C(11)-P(8) 113.3(6) 
C(16)-C(15)-C(17) 106.7(8) 
C(16)-C(15)-C(18) 110.0(9) 
C(17)-C(15)-C(18) 108.9(8) 
C(16)-C(15)-P(8) 117.8(6) 
C(17)-C(15)-P(8) 107.2(6) 
C(18)-C(15)-P(8) 106.0(7) 
C(21)-C(19)-C(20) 105.5(8) 
C(21)-C(19)-C(22) 111.4(8) 
C(20)-C(19)-C(22) 107.0(9) 
C(21)-C(19)-P(10) 115.1(7) 
C(20)-C(19)-P(10) 108.4(6) 
C(22)-C(19)-P(10) 109.1(7) 
C(24)-C(23)-C(26) 109.6(11) 
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C(24)-C(23)-C(25) 107.9(11) 
C(26)-C(23)-C(25) 111.3(11) 
C(24)-C(23)-P(10) 113.0(9) 
C(26)-C(23)-P(10) 107.3(8) 
C(25)-C(23)-P(10) 107.8(9) 
O(27)-C(27)-Ru(1) 177.2(7) 
O(28)-C(28)-Ru(1) 175.2(9) 
C(28')-Ru(1')-C(27') 94.0(7) 
C(28')-Ru(1')-N(1') 172.3(7) 
C(27')-Ru(1')-N(1') 93.7(6) 
C(28')-Ru(1')-P(8') 97.2(5) 
C(27')-Ru(1')-P(8') 98.7(5) 
N(1')-Ru(1')-P(8') 81.6(4) 
C(28')-Ru(1')-P(10') 98.3(6) 
C(27')-Ru(1')-P(10') 97.9(6) 
N(1')-Ru(1')-P(10') 80.7(5) 
P(8')-Ru(1')-P(10') 156.4(4) 
C(2')-N(1')-C(6') 120.0 
C(2')-N(1')-Ru(1') 119.1(6) 
C(6')-N(1')-Ru(1') 120.9(6) 
N(7')-C(2')-C(3') 123.2(9) 
N(7')-C(2')-N(1') 116.8(9) 
C(3')-C(2')-N(1') 120.0 
C(4')-C(3')-C(2') 120.0 
C(5')-C(4')-C(3') 120.0 
C(4')-C(5')-C(6') 120.0 
N(9')-C(6')-C(5') 123.5(11) 
N(9')-C(6')-N(1') 115.9(11) 
C(5')-C(6')-N(1') 120.0 
C(2')-N(7')-P(8') 121.7(10) 
N(7')-P(8')-C(11') 101.7(8) 
N(7')-P(8')-C(15') 103.6(8) 
C(11')-P(8')-C(15') 111.4(9) 
N(7')-P(8')-Ru(1') 98.2(6) 
C(11')-P(8')-Ru(1') 121.2(6) 
C(15')-P(8')-Ru(1') 116.5(7) 
C(6')-N(9')-P(10') 121.8(13) 
N(9')-P(10')-C(23') 102.9(13) 
N(9')-P(10')-C(19') 102.6(13) 
C(23')-P(10')-C(19') 111.4(11) 
N(9')-P(10')-Ru(1') 100.0(8) 
C(23')-P(10')-Ru(1') 117.4(10) 
C(19')-P(10')-Ru(1') 118.9(8) 
C(12')-C(11')-C(13') 109.7(15) 
C(12')-C(11')-C(14') 109.1(15) 
C(13')-C(11')-C(14') 109.1(16) 
C(12')-C(11')-P(8') 109.4(13) 
C(13')-C(11')-P(8') 107.3(12) 
C(14')-C(11')-P(8') 112.3(14) 
C(16')-C(15')-C(18') 112.5(18) 
C(16')-C(15')-C(17') 106.0(16) 
C(18')-C(15')-C(17') 107.2(17) 
C(16')-C(15')-P(8') 115.5(14) 
C(18')-C(15')-P(8') 109.9(16) 
C(17')-C(15')-P(8') 105.1(13) 
C(20')-C(19')-C(21') 107.4(16) 
C(20')-C(19')-C(22') 109.7(16) 
C(21')-C(19')-C(22') 110.7(17) 
C(20')-C(19')-P(10') 107.8(14) 
C(21')-C(19')-P(10') 112.1(14) 
C(22')-C(19')-P(10') 109.1(14) 
C(24')-C(23')-C(25') 103.8(19) 
C(24')-C(23')-C(26') 105.2(19) 
C(25')-C(23')-C(26') 110(2) 
C(24')-C(23')-P(10') 117.6(18) 
C(25')-C(23')-P(10') 109.9(17) 
C(26')-C(23')-P(10') 109.8(16) 
O(27')-C(27')-Ru(1') 172.5(16) 
O(28')-C(28')-Ru(1') 178.9(15) 
C(39)-B(30)-C(55) 105.1(4) 
C(39)-B(30)-C(47) 113.2(4) 
C(55)-B(30)-C(47) 113.0(4) 
C(39)-B(30)-C(31) 112.5(4) 
C(55)-B(30)-C(31) 112.0(4) 
C(47)-B(30)-C(31) 101.3(3) 
C(32)-C(31)-C(36) 115.0(4) 
C(32)-C(31)-B(30) 123.6(4) 
C(36)-C(31)-B(30) 121.0(4) 
C(31)-C(32)-C(33) 123.2(4) 
C(34)-C(33)-C(32) 120.0(4) 
C(34)-C(33)-C(37) 121.4(4) 
C(32)-C(33)-C(37) 118.7(4) 
C(35)-C(34)-C(33) 118.4(4) 
C(34)-C(35)-C(36) 120.7(4) 
C(34)-C(35)-C(38) 121.3(4) 
C(36)-C(35)-C(38) 118.0(4) 
C(31)-C(36)-C(35) 122.7(4) 
F(37A)-C(37)-F(37B) 106.6(4) 
F(37A)-C(37)-F(37C) 106.0(4) 
F(37B)-C(37)-F(37C) 105.7(4) 
F(37A)-C(37)-C(33) 113.1(4) 
F(37B)-C(37)-C(33) 112.2(4) 
F(37C)-C(37)-C(33) 112.7(4) 
F(38B)-C(38)-F(38A) 110.0(5) 
F(38B)-C(38)-F(38C) 102.6(5) 
F(38A)-C(38)-F(38C) 103.5(5) 
F(38B)-C(38)-C(35) 114.2(4) 
F(38A)-C(38)-C(35) 114.1(4) 
F(38C)-C(38)-C(35) 111.3(5) 
C(44)-C(39)-C(40) 115.4(4) 
C(44)-C(39)-B(30) 121.0(4) 
C(40)-C(39)-B(30) 123.4(4) 
C(41)-C(40)-C(39) 122.4(4) 
C(40)-C(41)-C(42) 121.0(4) 
C(40)-C(41)-C(45') 121.6(8) 
C(42)-C(41)-C(45') 116.8(8) 
C(40)-C(41)-C(45) 119.4(5) 
C(42)-C(41)-C(45) 119.6(5) 
C(43)-C(42)-C(41) 118.2(4) 
C(42)-C(43)-C(44) 120.4(4) 
C(42)-C(43)-C(46) 120.5(4) 
C(44)-C(43)-C(46) 119.1(5) 
C(39)-C(44)-C(43) 122.7(4) 
F(45C)-C(45)-F(45A) 108.7(7) 
F(45C)-C(45)-F(45B) 107.0(6) 
F(45A)-C(45)-F(45B) 101.8(6) 
F(45C)-C(45)-C(41) 111.8(6) 
F(45A)-C(45)-C(41) 113.8(5) 
F(45B)-C(45)-C(41) 113.0(5) 
F(45E)-C(45')-F(45D) 106.2(13) 
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F(45E)-C(45')-F(45F) 105.7(13) 
F(45D)-C(45')-F(45F) 104.7(13) 
F(45E)-C(45')-C(41) 116.1(15) 
F(45D)-C(45')-C(41) 109.6(15) 
F(45F)-C(45')-C(41) 113.8(14) 
F(46A)-C(46)-F(46C) 107.8(5) 
F(46A)-C(46)-F(46B) 105.0(6) 
F(46C)-C(46)-F(46B) 102.9(5) 
F(46A)-C(46)-C(43) 114.2(5) 
F(46C)-C(46)-C(43) 113.3(5) 
F(46B)-C(46)-C(43) 112.7(5) 
C(48)-C(47)-C(52) 116.1(4) 
C(48)-C(47)-B(30) 122.4(4) 
C(52)-C(47)-B(30) 120.7(4) 
C(47)-C(48)-C(49) 121.7(4) 
C(50)-C(49)-C(48) 121.2(5) 
C(50)-C(49)-C(53') 114.0(12) 
C(48)-C(49)-C(53') 124.8(12) 
C(50)-C(49)-C(53) 120.2(5) 
C(48)-C(49)-C(53) 118.6(5) 
C(49)-C(50)-C(51) 118.1(4) 
C(52)-C(51)-C(50) 120.8(4) 
C(52)-C(51)-C(54) 119.3(4) 
C(50)-C(51)-C(54) 119.9(4) 
C(51)-C(52)-C(47) 122.1(4) 
F(53C)-C(53)-F(53B) 107.7(7) 
F(53C)-C(53)-F(53A) 105.8(6) 
F(53B)-C(53)-F(53A) 103.6(6) 
F(53C)-C(53)-C(49) 113.4(5) 
F(53B)-C(53)-C(49) 112.5(6) 
F(53A)-C(53)-C(49) 113.1(6) 
F(53D)-C(53')-F(53F) 106.5(15) 
F(53D)-C(53')-F(53E) 105.6(15) 
F(53F)-C(53')-F(53E) 105.4(15) 
F(53D)-C(53')-C(49) 112(2) 
F(53F)-C(53')-C(49) 113(3) 
F(53E)-C(53')-C(49) 114(2) 
F(54A)-C(54)-F(54B) 105.6(4) 
F(54A)-C(54)-F(54C) 105.4(4) 
F(54B)-C(54)-F(54C) 107.5(5) 
F(54A)-C(54)-C(51) 113.3(5) 
F(54B)-C(54)-C(51) 111.9(4) 
F(54C)-C(54)-C(51) 112.6(4) 
C(56)-C(55)-C(60) 115.6(4) 
C(56)-C(55)-B(30) 121.6(4) 
C(60)-C(55)-B(30) 122.5(4) 
C(57)-C(56)-C(55) 122.3(4) 
C(56)-C(57)-C(58) 121.1(5) 
C(56)-C(57)-C(61') 116.4(9) 
C(58)-C(57)-C(61') 122.2(9) 
C(56)-C(57)-C(61) 121.7(5) 
C(58)-C(57)-C(61) 117.1(5) 
C(59)-C(58)-C(57) 118.0(5) 
C(58)-C(59)-C(60) 120.7(4) 
C(58)-C(59)-C(62) 120.6(4) 
C(60)-C(59)-C(62) 118.6(5) 
C(59)-C(60)-C(55) 122.3(4) 
F(61B)-C(61)-F(61A) 104.8(7) 
F(61B)-C(61)-F(61C) 107.4(7) 
F(61A)-C(61)-F(61C) 104.6(6) 
F(61B)-C(61)-C(57) 113.3(6) 
F(61A)-C(61)-C(57) 114.3(6) 
F(61C)-C(61)-C(57) 111.8(6) 
F(61D)-C(61')-F(61E) 106.6(13) 
F(61D)-C(61')-F(61F) 106.1(13) 
F(61E)-C(61')-F(61F) 107.0(13) 
F(61D)-C(61')-C(57) 109.2(16) 
F(61E)-C(61')-C(57) 115.0(15) 
F(61F)-C(61')-C(57) 112.4(18) 
F(62A)-C(62)-F(62C) 108.0(5) 
F(62A)-C(62)-F(62B) 105.0(5) 
F(62C)-C(62)-F(62B) 103.1(5) 
F(62A)-C(62)-C(59) 114.9(5) 
F(62C)-C(62)-C(59) 113.8(4) 
F(62B)-C(62)-C(59) 110.9(4) 
C(72)-C(71)-C(76) 120.0 
C(73)-C(72)-C(71) 120.0 
C(74)-C(73)-C(72) 120.0 
C(73)-C(74)-C(75) 120.0 
C(74)-C(75)-C(76) 120.0 
C(75)-C(76)-C(71) 120.0 
C(72')-C(71')-C(76') 120.0 
C(71')-C(72')-C(73') 120.0 
C(72')-C(73')-C(74') 120.0 
C(73')-C(74')-C(75') 120.0 
C(76')-C(75')-C(74') 120.0 
C(75')-C(76')-C(71') 120.0 
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A.4. Crystal data and structure refinement for the Ru6 cluster complex 
 isolated from the reaction of dabipy with triruthenium 
 dodecacarbonyl 
 
 
Table 1.  Crystal data and structure refinement for str0951. 
 
Identification code  str0951 
Chemical formula  C26H10Cl2N4O15Ru6 
Formula weight  1295.70 
Temperature  150(2) K 
Radiation, wavelength  MoK, 0.71073 Å 
Crystal system, space group  monoclinic, P21/n 
Unit cell parameters a = 9.249(7) Å  = 90° 
 b = 25.410(19) Å  = 99.242(13)° 
 c = 14.569(11) Å  = 90° 
Cell volume 3379(4) Å
3
 
Z 4 
Calculated density  2.547 g/cm
3
 
Absorption coefficient  2.849 mm1 
F(000) 2448 
Chapter 7                                                                                                                   Appendices 
149 
 
Crystal colour and size black, 0.16  0.14  0.12 mm3 
Data collection method Bruker SMART 1K CCD diffractometer 
  rotation with narrow frames 
 range for data collection 1.63 to 28.77° 
Index ranges h 12 to 12, k 34 to 33, l 18 to 19 
Completeness to  = 26.00° 99.4 %  
Reflections collected 28402 
Independent reflections 8092 (Rint = 0.1604) 
Reflections with F
2
>2 3420 
Absorption correction semi-empirical from equivalents 
Min. and max. transmission 0.6586 and 0.7262 
Structure solution Patterson synthesis 
Refinement method Full-matrix least-squares on F
2
 
Weighting parameters a, b 0.0266, 0.0000 
Data / restraints / parameters 8092 / 0 / 478 
Final R indices [F
2
>2] R1 = 0.0593, wR2 = 0.0942 
R indices (all data) R1 = 0.1276, wR2 = 0.1023 
Goodness-of-fit on F
2
 0.725 
Largest and mean shift/su 0.000 and 0.000 
Largest diff. peak and hole 1.392 and 1.173 e Å3 
 
Table 2.   Bond lengths [Å] and angles [°] for str0951. 
Ru(1)–C(1)  1.862(9) Ru(1)–C(2)  1.897(11) 
Ru(1)–N(1)  2.163(7) Ru(1)–Ru(6)  2.680(2) 
Ru(1)–Ru(5)  2.7096(16) Ru(1)–Ru(3)  2.7243(19) 
Ru(1)–Ru(2)  2.872(2) Ru(2)–C(4)  1.827(12) 
Ru(2)–C(5)  1.867(11) Ru(2)–C(6)  1.915(10) 
Ru(2)–Ru(4)  2.833(2) Ru(2)–Ru(3)  2.8706(19) 
Ru(2)–Ru(5)  2.8788(19) Ru(3)–C(3)  1.827(11) 
Ru(3)–C(15)  1.874(11) Ru(3)–C(12)  1.947(9) 
Ru(3)–N(1)  2.162(7) Ru(3)–Ru(4)  2.7185(16) 
Ru(4)–C(10)  1.877(10) Ru(4)–C(11)  1.900(9) 
Ru(4)–C(13)  2.066(11) Ru(4)–N(1)  2.176(7) 
Ru(4)–C(12)  2.180(11) Ru(4)–Ru(5)  2.7261(19) 
Ru(5)–C(7)  1.826(11) Ru(5)–C(14)  1.888(11) 
Ru(5)–C(13)  2.027(9) Ru(5)–N(1)  2.189(7) 
Ru(5)–Ru(6)  2.740(2) Ru(6)–C(8)  1.841(10) 
Ru(6)–C(9)  1.861(11) Ru(6)–N(2)  2.084(7) 
Ru(6)–N(3)  2.173(8) Ru(6)–C(14)  2.438(10) 
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N(1)–C(20)  1.420(10) N(2)–C(20)  1.315(10) 
N(2)–C(24)  1.345(10) N(3)–C(25)  1.325(11) 
N(3)–C(26)  1.327(12) N(4)–C(26)  1.312(12) 
C(1)–O(1)  1.121(9) C(2)–O(2)  1.095(10) 
C(3)–O(3)  1.153(11) C(4)–O(4)  1.158(11) 
C(5)–O(5)  1.129(10) C(6)–O(6)  1.109(10) 
C(7)–O(7)  1.130(11) C(8)–O(8)  1.117(10) 
C(9)–O(9)  1.105(10) C(10)–O(10)  1.121(10) 
C(11)–O(11)  1.110(10) C(12)–O(12)  1.136(10) 
C(13)–O(13)  1.152(10) C(14)–O(14)  1.118(10) 
C(15)–O(15)  1.098(10) C(20)–C(21)  1.382(11) 
C(21)–C(22)  1.313(11) C(22)–C(23)  1.344(12) 
C(23)–C(24)  1.372(12) C(24)–C(25)  1.415(12) 
C(25)–C(29)  1.345(12) C(26)–C(27)  1.402(13) 
C(27)–C(28)  1.313(13) C(28)–C(29)  1.385(13) 
C(30)–Cl(2)  1.676(14) C(30)–Cl(1)  1.678(14) 
 
C(1)–Ru(1)–C(2) 86.8(4) C(1)–Ru(1)–N(1) 172.7(3) 
C(2)–Ru(1)–N(1) 100.2(3) C(1)–Ru(1)–Ru(6) 99.8(3) 
C(2)–Ru(1)–Ru(6) 94.4(3) N(1)–Ru(1)–Ru(6) 77.67(19) 
C(1)–Ru(1)–Ru(5) 120.9(3) C(2)–Ru(1)–Ru(5) 144.3(3) 
N(1)–Ru(1)–Ru(5) 51.91(17) Ru(6)–Ru(1)–Ru(5) 61.12(4) 
C(1)–Ru(1)–Ru(3) 132.7(3) C(2)–Ru(1)–Ru(3) 84.5(3) 
N(1)–Ru(1)–Ru(3) 50.95(18) Ru(6)–Ru(1)–Ru(3) 127.10(6) 
Ru(5)–Ru(1)–Ru(3) 90.57(6) C(1)–Ru(1)–Ru(2) 100.6(3) 
C(2)–Ru(1)–Ru(2) 140.0(3) N(1)–Ru(1)–Ru(2) 75.49(19) 
Ru(6)–Ru(1)–Ru(2) 122.31(4) Ru(5)–Ru(1)–Ru(2) 62.02(5) 
Ru(3)–Ru(1)–Ru(2) 61.66(3) C(4)–Ru(2)–C(5) 91.3(5) 
C(4)–Ru(2)–C(6) 93.1(4) C(5)–Ru(2)–C(6) 94.8(4) 
C(4)–Ru(2)–Ru(4) 87.5(3) C(5)–Ru(2)–Ru(4) 83.1(3) 
C(6)–Ru(2)–Ru(4) 177.8(3) C(4)–Ru(2)–Ru(3) 79.8(3) 
C(5)–Ru(2)–Ru(3) 139.1(3) C(6)–Ru(2)–Ru(3) 125.2(3) 
Ru(4)–Ru(2)–Ru(3) 56.93(3) C(4)–Ru(2)–Ru(1) 132.2(3) 
C(5)–Ru(2)–Ru(1) 133.9(3) C(6)–Ru(2)–Ru(1) 96.7(3) 
Ru(4)–Ru(2)–Ru(1) 84.37(4) Ru(3)–Ru(2)–Ru(1) 56.64(5) 
C(4)–Ru(2)–Ru(5) 144.1(3) C(5)–Ru(2)–Ru(5) 80.0(3) 
C(6)–Ru(2)–Ru(5) 122.1(3) Ru(4)–Ru(2)–Ru(5) 57.01(3) 
Ru(3)–Ru(2)–Ru(5) 84.38(5) Ru(1)–Ru(2)–Ru(5) 56.22(3) 
C(3)–Ru(3)–C(15) 87.4(4) C(3)–Ru(3)–C(12) 94.8(4) 
C(15)–Ru(3)–C(12) 98.4(4) C(3)–Ru(3)–N(1) 165.3(3) 
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C(15)–Ru(3)–N(1) 99.3(4) C(12)–Ru(3)–N(1) 97.2(3) 
C(3)–Ru(3)–Ru(4) 133.6(3) C(15)–Ru(3)–Ru(4) 125.0(3) 
C(12)–Ru(3)–Ru(4) 52.6(3) N(1)–Ru(3)–Ru(4) 51.43(17) 
C(3)–Ru(3)–Ru(1) 114.6(3) C(15)–Ru(3)–Ru(1) 106.1(3) 
C(12)–Ru(3)–Ru(1) 142.1(3) N(1)–Ru(3)–Ru(1) 50.98(18) 
Ru(4)–Ru(3)–Ru(1) 89.47(6) C(3)–Ru(3)–Ru(2) 95.1(3) 
C(15)–Ru(3)–Ru(2) 167.4(3) C(12)–Ru(3)–Ru(2) 93.7(3) 
N(1)–Ru(3)–Ru(2) 75.53(18) Ru(4)–Ru(3)–Ru(2) 60.83(5) 
Ru(1)–Ru(3)–Ru(2) 61.70(4) C(10)–Ru(4)–C(11) 89.1(4) 
C(10)–Ru(4)–C(13) 90.3(4) C(11)–Ru(4)–C(13) 87.4(4) 
C(10)–Ru(4)–N(1) 168.6(3) C(11)–Ru(4)–N(1) 102.1(3) 
C(13)–Ru(4)–N(1) 92.0(3) C(10)–Ru(4)–C(12) 88.0(4) 
C(11)–Ru(4)–C(12) 89.7(4) C(13)–Ru(4)–C(12) 176.6(3) 
N(1)–Ru(4)–C(12) 90.2(3) C(10)–Ru(4)–Ru(3) 122.2(3) 
C(11)–Ru(4)–Ru(3) 116.4(3) C(13)–Ru(4)–Ru(3) 137.9(2) 
N(1)–Ru(4)–Ru(3) 50.97(19) C(12)–Ru(4)–Ru(3) 45.2(2) 
C(10)–Ru(4)–Ru(5) 124.6(3) C(11)–Ru(4)–Ru(5) 117.0(3) 
C(13)–Ru(4)–Ru(5) 47.6(2) N(1)–Ru(4)–Ru(5) 51.56(17) 
C(12)–Ru(4)–Ru(5) 135.5(2) Ru(3)–Ru(4)–Ru(5) 90.34(6) 
C(10)–Ru(4)–Ru(2) 92.6(3) C(11)–Ru(4)–Ru(2) 178.2(3) 
C(13)–Ru(4)–Ru(2) 93.1(2) N(1)–Ru(4)–Ru(2) 76.18(19) 
C(12)–Ru(4)–Ru(2) 89.9(2) Ru(3)–Ru(4)–Ru(2) 62.24(5) 
Ru(5)–Ru(4)–Ru(2) 62.35(4) C(7)–Ru(5)–C(14) 85.3(4) 
C(7)–Ru(5)–C(13) 92.8(4) C(14)–Ru(5)–C(13) 88.1(4) 
C(7)–Ru(5)–N(1) 166.9(3) C(14)–Ru(5)–N(1) 106.8(4) 
C(13)–Ru(5)–N(1) 92.7(3) C(7)–Ru(5)–Ru(1) 118.8(3) 
C(14)–Ru(5)–Ru(1) 118.7(3) C(13)–Ru(5)–Ru(1) 138.4(3) 
N(1)–Ru(5)–Ru(1) 51.08(17) C(7)–Ru(5)–Ru(4) 127.0(3) 
C(14)–Ru(5)–Ru(4) 121.0(3) C(13)–Ru(5)–Ru(4) 48.8(3) 
N(1)–Ru(5)–Ru(4) 51.14(18) Ru(1)–Ru(5)–Ru(4) 89.62(6) 
C(7)–Ru(5)–Ru(6) 106.8(3) C(14)–Ru(5)–Ru(6) 60.3(3) 
C(13)–Ru(5)–Ru(6) 140.1(3) N(1)–Ru(5)–Ru(6) 75.94(19) 
Ru(1)–Ru(5)–Ru(6) 58.90(5) Ru(4)–Ru(5)–Ru(6) 126.11(4) 
C(7)–Ru(5)–Ru(2) 92.9(3) C(14)–Ru(5)–Ru(2) 178.1(3) 
C(13)–Ru(5)–Ru(2) 92.6(3) N(1)–Ru(5)–Ru(2) 75.0(2) 
Ru(1)–Ru(5)–Ru(2) 61.75(5) Ru(4)–Ru(5)–Ru(2) 60.64(6) 
Ru(6)–Ru(5)–Ru(2) 119.86(4) C(8)–Ru(6)–C(9) 88.4(4) 
C(8)–Ru(6)–N(2) 173.0(3) C(9)–Ru(6)–N(2) 97.3(4) 
C(8)–Ru(6)–N(3) 110.0(4) C(9)–Ru(6)–N(3) 87.6(3) 
N(2)–Ru(6)–N(3) 74.4(3) C(8)–Ru(6)–C(14) 97.8(4) 
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C(9)–Ru(6)–C(14) 168.6(4) N(2)–Ru(6)–C(14) 77.3(3) 
N(3)–Ru(6)–C(14) 81.3(3) C(8)–Ru(6)–Ru(1) 90.1(3) 
C(9)–Ru(6)–Ru(1) 87.6(3) N(2)–Ru(6)–Ru(1) 86.2(2) 
N(3)–Ru(6)–Ru(1) 159.2(2) C(14)–Ru(6)–Ru(1) 101.9(2) 
C(8)–Ru(6)–Ru(5) 92.0(3) C(9)–Ru(6)–Ru(5) 147.6(3) 
N(2)–Ru(6)–Ru(5) 81.0(2) N(3)–Ru(6)–Ru(5) 122.33(19) 
C(14)–Ru(6)–Ru(5) 42.3(2) Ru(1)–Ru(6)–Ru(5) 59.98(3) 
C(20)–N(1)–Ru(3) 122.3(5) C(20)–N(1)–Ru(1) 117.1(5) 
Ru(3)–N(1)–Ru(1) 78.1(2) C(20)–N(1)–Ru(4) 118.6(5) 
Ru(3)–N(1)–Ru(4) 77.6(2) Ru(1)–N(1)–Ru(4) 124.0(3) 
C(20)–N(1)–Ru(5) 112.6(6) Ru(3)–N(1)–Ru(5) 125.1(3) 
Ru(1)–N(1)–Ru(5) 77.0(2) Ru(4)–N(1)–Ru(5) 77.3(2) 
C(20)–N(2)–C(24) 120.7(8) C(20)–N(2)–Ru(6) 120.8(6) 
C(24)–N(2)–Ru(6) 118.3(7) C(25)–N(3)–C(26) 119.1(9) 
C(25)–N(3)–Ru(6) 113.0(7) C(26)–N(3)–Ru(6) 126.0(6) 
O(1)–C(1)–Ru(1) 179.6(10) O(2)–C(2)–Ru(1) 177.6(9) 
O(3)–C(3)–Ru(3) 177.2(9) O(4)–C(4)–Ru(2) 177.1(10) 
O(5)–C(5)–Ru(2) 178.3(10) O(6)–C(6)–Ru(2) 176.8(10) 
O(7)–C(7)–Ru(5) 178.3(10) O(8)–C(8)–Ru(6) 178.0(10) 
O(9)–C(9)–Ru(6) 177.6(9) O(10)–C(10)–Ru(4) 178.0(10) 
O(11)–C(11)–Ru(4) 177.9(9) O(12)–C(12)–Ru(3) 144.8(9) 
O(12)–C(12)–Ru(4) 132.9(7) Ru(3)–C(12)–Ru(4) 82.2(4) 
O(13)–C(13)–Ru(5) 138.9(9) O(13)–C(13)–Ru(4) 137.5(8) 
Ru(5)–C(13)–Ru(4) 83.5(4) O(14)–C(14)–Ru(5) 159.6(9) 
O(14)–C(14)–Ru(6) 122.4(8) Ru(5)–C(14)–Ru(6) 77.4(4) 
O(15)–C(15)–Ru(3) 179.6(10) N(2)–C(20)–C(21) 120.0(8) 
N(2)–C(20)–N(1) 116.4(8) C(21)–C(20)–N(1) 123.5(8) 
C(22)–C(21)–C(20) 118.9(9) C(21)–C(22)–C(23) 121.7(9) 
C(22)–C(23)–C(24) 119.0(9) N(2)–C(24)–C(23) 119.1(9) 
N(2)–C(24)–C(25) 113.8(9) C(23)–C(24)–C(25) 127.1(9) 
N(3)–C(25)–C(29) 121.5(10) N(3)–C(25)–C(24) 117.0(9) 
C(29)–C(25)–C(24) 121.5(10) N(4)–C(26)–N(3) 119.5(10) 
N(4)–C(26)–C(27) 120.3(11) N(3)–C(26)–C(27) 120.2(10) 
C(28)–C(27)–C(26) 120.8(11) C(27)–C(28)–C(29) 117.7(11) 
C(25)–C(29)–C(28) 120.5(10) Cl(2)–C(30)–Cl(1) 116.4(8) 
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Appendix B: 2D NMR spectra for Chapter 4 
B.1. 1H COSY NMR spectrum: Reaction of [IrH3((
i
Pr2PC2H4)2NH)] (19) with 
 [Ru(bipy)2(CO)2][B(C6F5)4]2 (23) in d5-chlorobenzene at 298 K 
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B.2. 1H - 31P HMBC NMR spectrum: Reaction of [IrH3((
i
Pr2PC2H4)2NH)] (19) with 
 [Ru(bipy)2(CO)2][B(C6F5)4]2 (23) in d5-chlorobenzene at 298 K 
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Appendix C: Estimate of pKaH of complex 8 for Chapter 2 
+MeOH [ -H] MeO 8 8  (1) 
For the proton transfer eqilibrium of complex 8 with methanol, shown in Equation 1, the 
equilibrium constant is given by Keq. 
eq
+ ][ -H ][MeO
[ ][MeOH]
K
8
=
8
 (2) 
With a large excess of MeOH, this becomes independent of [MeOH] giving Equation 3. 
eq
+ ][ -H ][MeO
[ ]
K
8
=
8
 (3) 
Assuming that all of the protonation of complex 8 is from methanol deprotonation, then 
[8-H
+
] = [MeO
−
], giving Equation 4. 
2
eq
+[ -H ]
[ ]
K
8
=
8
 (4) 
By rearranging Equation 2 and introducing [H
+
] terms, Keq can also be expressed in terms of 
the acid dissociation constants for complex [8-H
+
] and MeOH, Ka-8H and Ka-MeOH respectively 
(Equation 5). This can then be combined with Equation 4 to give an expression for Ka-8H 
(Equation 6). 
+
a-MeOH
eq +
a- H
+ ][H ][ -H ] [MeO
[ ][H ] [MeOH]
K
K
K

 
8
8
=
8
 (5) 
2
a- H a-MeOH
+[ -H ]
[ ]
K K8
8
=
8
 (6) 
Using the maximum and minimum values of [8-H
+
] and [8] obtained from the NMR 
spectrum in Figure 2.12 and the graph in Figure 2.13, along with the known value of Ka-MeOH 
in dmso of 1×10
−29
, gives a maximum Ka-8H of 7.11×10
−28
, and a minimum Ka-8H of 
1.06×10
−28
. These values then give a maximum pKa-8H of 28.0 and a minimum pKa-8H of 27.1. 
